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ABSTRACT 


This  volume  presents  sn  snslyticsl  investigation  of  the  vibrstions  induced  in 
sn  alternator  rotor  by  the  generated  electromagnetic  forces.  Foramina  are 
given  from  which  the  magnetic  forces  can  he  calculated  for  three  brushless 
alternator  types:  1)  the  homopolar  generator,  2)  the  heteropolar  inductor 
generator,  and  3)  the  two-coil  Lundell  generator.  Numerical  examples  are 
given  to  illustrate  the  practical  use  of  the  formulas. 

XWo  computer  programs  have  been  written  for  evaluation  of  the  effect  of  the 
magnetic  forces  on  the  rotor.  Manuals  are  provided  for  both  programs,  con¬ 
taining  listings  of  the  programs  and  giving  detailed  Instructions  for 
preparation  of  input  data  and  for  performing  the  calculations.  The  first 
computer  program  examines  the  stability  of  the  rotor  and  the  second  program 
calculates  the  amplitude  response  of  the  rotor  resulting  from  a  built-in 
eccentricity  and  misalignment  between  the  axes  of  the  rotor  and  the  alternator 
stator.  Sample  calculations  are  provided. 


This  document  is  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or 
foreign  national  may  be  made  only  with  prior  approval 
of  the  Air  Force  Aero  Propulsion  Laboratory  (APFL), 
Wright- Pat ter son  Air  Force  Base,  Ohio  45433. 


ill 


TABLE  OF  CONTENTS 


Ssjss. 


INTRODUCTION .  I 

GENERAL  DISCUSSION . . .  3 

THE  MAGNETIC  FORCES  OF  THREE  BRUSHLESS  GENERATOR  TYPES  .  15 

THE  CONCEPT  OF  STABILITY  AND  RESPONSE  OF  A  ROTOR  WITH 

MAGNETIC  FORCES .  23 

DISCUSSION  ON  PERFORMING  STABILITY  CALCULATIONS  .  33 

DISCUSSION  ON  PERFORMING  RESPONSE  CALCULATIONS . . . .  41 

SUMMARY . . . .  43 

ACKNOWLEDGEMENT . . .  45 

FIGURES . . . .  47 

APPENDIX  I:  Magnetic  Forces  of  a  Hotnopolar  Generator  Operating 

with  No  Load _ _ _ _  55 

APPENDIX  II:  Magnetic  Forces  of  a  Heteropolar  Inductor  Generator 

Operating  with  No  Load_ _ _ _ ____ _ _ _ _ _ _ _ _  63 

APPENDIX  III:  Magnetic  Forces  of  a  Two-Coil  Lundell  Generator _  71 

APPENDIX  IV:  Field  due  to  Armature  Reaction  of  a  Three-Phase 

Winding  _ _ _ _ _ _  83 

APPENDIX  V:  Magnetic  Forces  of  a  Homopolar  Generator  - 

Modifications  due  to  Generator  Load _ _ _  91 

APPENDIX  VI:  Magnetic  Forces  of  a  Heteropolar  Inductor  Generator  - 

Modifications  due  to  Generator  Load _  97 

APPENDIX  VII:  Units  and  Dimensions  109 

APPENDIX  VIII:  The  Impedance  of  an  Arbitrary,  Elastic  Rotor  Supported 

in  Flexible,  Damped  Bearings  _  111 

APPENDIX  IX:  Calculation  of  the  Threshold  of  Instability  for  a 

Rotor  with  Magnetic  Forces _ ____ _  123 

APPENDIX  X:  Calculation  of  the  Amplitude  Response  of  a  Rotor 

with  Magnetic  Forces _  129 


v 


APPSKDiX  XI: 
APPEHDIX  XII: 


flM 

Computer  Program  -  The  Stability  of  a  Kotor  with 
Tinevarying  Magnetic  Porcea  .  135 

Computer  Program  -  The  Keeponse  of  a  Rotor  vith 
Timevarying  Magnetic  Porcea  _ _  185 


RSPEREMCSS 


229 


frT«T  Of  TTT.nKTBATTnWS 


FISCTtB  FACE 

1  Homo polar  Generator  ...... ........................ _ 

2  Heteropolar  Generator  _ _ _ _ _ . _ _ _ _ _ __  49 

3  Two -Coil  Lundall  Generator _ _ _ ____ 50 

4  Bo  tor  Model  end  Sign  Convention  for  Analysis  of  Rotor 

Impedance _ ..... _ _ _ _ _ _ _ ........... _  51 

5  Stability  Map  for  a  Rigid  Rotor  with  a  Harmonically  Varying 

Magnetic  Force _ _ _ _ _ .... _ _ _ _  52 

6  Stability  Map  for  a  Rigid  Rotor  with  a  "Square  Wave"  Varying 

Magnetic  Force  _ _ _ .......... _ _ _ ...  53 

7  Schematic  Diagram  Shoving  the  Magnetic  Circuit  of  e 

Heteropolar  Generator _ ... _ ...  63 

8  Pole  Alrgapa  At  Time  t«0 _ 65 

9  Expanded  View  of  Outer  Surface  of  Rotor _ _ _  71 

10  Magnetic  Circuit  for  a  Two-Coil  Lund ell  Geaerato-  _ 72 

11  Section  "R-R"  of  Fig.  3b .  73 

12  Section  "C-C"  of  Fig.  3b .  73 

13  Geometry  of  Conical  Alrgap _ _ _ 80 

14  Armature  Current  Directions  and  Instantaneous  amf  at  t  •  0  ,  83 

15  Phasor  Diagram .  87 

16  Circumferential  mmf  Distribution _ 89 

17  Windings  of  the  k'th  Pole  of  the  Generator _  97 

18  The  Magnetic  Circuit  for  the  k'th  Pole _  100 

19  Force  Diagram  for  Rotor  Station  n _  111 

20  Stability  Map  for  Four  Pole  Homopolar  Generator- - — — — -  184 


vii 


SYMBOLS 


A 

A 

V*s 

A,  B 

a 


*ln*  *2n*  *  *10n 


V  BS 

B  ,B  ,B  ,B 
xx*  xy’  yx'  yy 

C 

E 


E 


f 

"k 


Crosa-sectional  area  of  a  ahaft  aection.  Inch 
2 

Area  of  a  pole.  Inch 
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*  eq.  (E.3),  Appendix  v 
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0 

2 

Shear  modulus ,  lbs /inch 


-1/2  (Q+iq) 

-1/2  (Q-iq) 
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4 
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conversion  factor  to  get  magnetic  force  In  lbs. 


Matrices  of  magnetic  force  gradients,  see  eqs.  (J.9)  and 
(J.10),  Appendix  IX 


Negative  stiffness  of  the  static  magnetic  forces,  lbs/lnch 


Negative  moment  stiffness  of  the  static  magnetic  moments, 
lbs-inch/radian 


Stiffness  of  timevarying  magnetic  force,  lbs/lnch 

Reference  value  used  to  represent  the  magnetic  force 
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CO  so 


x  and  y-component  of  aagnetic  moment  in  eenterplana  of 
alternator,  Ibe-inch 

Time,  seconds 
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Vector  representing  the  amplitudes  and  slopes  at  the 
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Rotor  amplitudes  ,  inch 
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In  the  development  of  high, speed  electrical  machinery  for  apace  power  plants 
sad  compact  power  conversion  machinery  it  has  been  found  that  the  rotor  nay 
exhibit  unsafe  large  amplitude  vibration  under  certain  operating  conditions* 

This  vibration  is  caused  by  the  interaction  betTrr-en  the  rotor  and  the  magnetic, 
forces  in  the  alrgape  of  the  electrical  machinery;  It  is  farther  accentuated 
by  the  fact  that  the  rotor  bearings  in  this  type  of  machinery  employ  low  viscosity 
fluids  or  gas  as  a  lubricant  whereby  the  bearing' stiffness  and  damping  is  smaller 
than  for  conventional  bearings. 

The  application  of  alternators  to  this  type  of  machinery  is  still  In  an  early 
development  phase  and  the  experience t£h  the  vibration  problem  derives  so  far 
from  machinery  employing  electrical  motors.  However,  because  of  the  close 
similarities  between  alternators  and  electrical  motors  it  is  to  be  expected  that 
alternators  may  develop  the  same  kind  of  vibration  problems  as  previously  found  in 
motor  applications.  For  this  reason  an  analytical  investigation  of  the  problem 
as  it  could  occur  in  alternators  has  been  undertaken.  It  is  the  purpose  of  this 
volume  to  present  an  analysis  of  the  magnetic  forces  in  three  brushless  alternator 
types  and  to  describe  two  computer  programs  which  have  been  written  to  calculate 
the  stability  and  vibratory  response  of  an  alternator  rotor  subjected  to  magnetic 
forces. 

The  three  brushless  generators  Investigated  are:  1)  the  homopolar  generator, 

2)  the  heteropolar  inductor  generator,  and  3)  the  two-coil  Lundell  generator. 
They  are  shown  schematically  in  Figs.  1  to  3.  Formulas  are  given  from  which  the 
magnetic  forces  and  moments  can  be  calculated  directly  once  the  dimensions  and 
operating  conditions  of  the  generator  are  known.  Numerical  examples  are  given 
to  illustrate  the  practical  use  of  the  formulas. 

Two  computer  programs  have  been  written  for  calculating  the  dynamical  performance 
of  the  alternator  rotor  with  the  imposed  magnetic  forces.  The  manuals  for  the 
programs,  containing  listings  of  the  programs  and  the  detailed  instructions  of 
how  to  use  the  programs  and  prepare  the  input  data;  are  given  in  Appendices 


XI  ud  HI.  The  first  prrgrea  axaainas  the  stability  of  tbs  alternator  rotor  to  tbo 
generator  nognatle  forces.  rod  tbo  ooeond  prograa  calculate*  tho  roooltlag  wplituda 
nopoaoo  of  tbo  rotor  whoa  tbo  axis  of  tbo  rotor  dooo  set  coincide  with  tbo  aag- 
aotle  axis  of  tbo  goaorator  stator.  Tbo  prograao  ora  quite  gonoral  and  apply  to 
any  rotor  or  boorlag  configuration. 

Boeauaa  of  tbo  largo  nuabar  of  paroaotara  involved  it  is  not  poaaiblo  to  giro  any 
(inaftl  results  or  dasign  charts.  Hovever.  froa  tbo  far  aaaplo  eslculotions  per- 
foraod  and  froa  certain  simplified  aaalyaea,  indications  are  that  for  aost  appli¬ 
cations  the  rotor  vibrations  are  aaall  and  tho  stability  aargln  is  good.  On  tho 
©tfeer  band,  if  tbo  operating  conditions  are  such  that  the  aagnetic  force  frequency 
can  excite  a  resonance  of  the  rotor-bearing  systea.  large  rotor  aaplitudea  asy 
result  and.  furtharaora.  the  stability  aorgin  asy  becoaa  unacceptable.  A  detailed 
calculation  is  required  under  these  circuastancea,  and  the  aetbods  presented  in 
this  volume  provide  the  aaana  for  performing  such  calculations. 
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GENERAL  DISCUSSION 

.  .  - - r — — - .  ••  *  <•  '  !■  ‘  ;  - 

Tha  problem  of  alactromagnetically  Induced  rotor  vibrations  wee  first  encountered 
in  •  gee  beering  supported,  electrical  motor  driven  compressor.  Little  vee  known 
ebout  the  ceueae  of  the  vibrations  end  only  by  a  trial  test  procedure  were  suffi¬ 
cient  modifications  made  to  the  design  that  the  unit  performed  satisfactorily. 

In  two  later  applications,  also  motor  driven  compressors,  serious  vibrations  were 
again  encountered  and,  as  in  tha  first  ease,  the  problem  could  only  be  overcome 
by  making  trial  modifications  to  the  design  until  the  vibrations  were  eliminated. 

In  one  of  the  cases,  the  problem  was  solved  by  changing  the  method  of  field  exci¬ 
tation,  proving  that  the  problem  definitely  is  caused  by  the  electromagnetic  forces. 

When  the  need  arose  for  incorporating  alternators  into  this  type  of  equipment  it 
waa  natural  that  there  were  apprehensions  about  encountering  the  same  vibration 
problems  as  already  experienced  with  electrical  motors.  It  has,  therefore,  been 
decided  co  undertake  an  investigation  of  the  problem  as  it  applies  to  alternators 
so  that  some  design  information  is  made  available  at  an  early  state  in  the  develop¬ 
ment  of  alternators  for  space  power  plants.  Since  the  available  experience  with 
tha  problem  is  all  based  on  electrical  motors,  the  investigation  is  analytical 
and  there  are  no  test  data  to  compare  with. 

The  investigation  falls  naturally  into  two  parts:  a)  a  study  of  the  magnetic 
forces  in  the  alternator  to  establish  methods  and  formulas  from  which  the  forces 
can  be  calculated,  and  b)  the  development  of  computational  methods  to  determine 
the  effect  of  the  magnetic  forces  on  the  dynamics  of  the  rotor. 

The  forces  acting  on  the  alternator  rotor  derive  from  the  magnetic  pull  of  the 
stator  which  is  proportional' to  the  square  of  the  flux  density  in  the  airgap  between 
the  rotor  and  the  stator.  Hence,  if  the  flux  distribution  is  uniform  around  the 
rotor  circumference  the  resultant  magnetic  force  is  zero.  However,  for  the  alter¬ 
nator  to  generate  power  it  is  necessary  that  the  flux  density  varies  around  the 
circumference  and,  also,  it  must  turn  with  the  rotor.  Even  so,  as  long  as  the 
distribution  is  symmetric,  no  net  forces  will  act  on  the  rotor,  but  if  the  rotor 
is  eccentric  with  respect  to  the  stator,  dissymmetries  are  introduced  in  the 


fin  distribution  uniat  a  resultant  foru  os  tha  rotrr.  to  Illustrate,  consider 
a  a  lap  1*  uaa  of  a  four  polo  hoeopolar  generator  which  la  studied  la  aora  da  tall  In 
ippaadlua  Z  and  f .  fha  rotor  haa  two  north  polaa  and  two  sooth  polos  which  are  not 
in  tho  aaaa  plana  (aaa  also  figure  l)t 


lha  flus  density  at  the  first  north  pole  la  B. ,  hllollnss  par  aq.  Inch,  and  at  the 
second  north  pole  It  la  B^.  If  the  area  of  a  pole  Is  A  Inch  ,  the  net  force 
acting  on  the  rotor  due  to  the  north  poles  1st 

where  the  factor  ife  la  Introduced  to  gat  F*  In  lbs.  whan  B,  and  Bt  arc  in 
kilo lines  par  sq.  Inch  and  A  Is  In  sq.  Inch. 

Whan  the  rotor  is  concentric  vlthln  the  stator,  the  radial  alrgap  at  the  poles  is 
C,  inch,  and  tha  storage 'flu  density  is  B,  .  In  that  casat  B,  »  Bg  ®  and 
tha  net  force  is  saro  (i.a.  Fy  ~  0  J  see  aq.  (1)).  However,  when  the  rotor 
is  eccentric  such  that  its  center  has  tha  coordinates  x  and  y  with  raspect  to  the 
canter  of  the  stator  (see  the  figure  above),  tha  alrgaps  at  tha  two  poles  ere  not 
the  siM,  The  flu  density  is  Inversely  proportional  to  tha  alrgap,  and  assuming 
tha  rotor  eccentricity  to  be  snail  compared  to  the  radial  gap  C,  tha  alrgaps  at  the 
two  pales  can  be  expressed  as: 


alrgap  at  the  fir at  north  polo:  f»,«Cf  I***  Coifat)- £ 

alrgap  ot  tho  second  north  polo:  Kj=  C f  CaiC&»t)  +  jfc 

U)  lo  tho  ongulor  opood  of  tho  rotor ,  rodlans/aec,  ouch  that  (u>t  )  give*  tho 
angle  ot  tlao  t  between  tho  x-axis  and  tho  lino  through  tho  poleo. '  Since  it 
lo  ooouaed  that  tho  ratloa  q  and  £  ore  aautll  compared  to  1,  the  flux  den¬ 
sities  become: 


B,  *  jjj  B#*  8e  f  C  ?  S infiot)] 

^  B0  =  Bef  l~c  £  Sinfcotj] 

from  which: 

B'=  8* [  1+  2£  cci(toi)  +  2  £  Sinklt)] 

$  *  Bj  fl-2|  c«M)-  2  jt  sMut)} 


The  net  force  acting  on  the  rotor  la  then  determined  from  eq.  (1)  as: 

ABf 


Fn  =  4  7  Jq  [x  Cos  (tot  )  +  ijsin  ((ot)\ 


W 


This  force  follows  the  rotor  as  it  turns.  Its  components  in  the  fixed  x-y- 
coordinate  system  are:  2 

Fyx  -  Ces(cJ)-  2  [x(hces(?u>t))i-tf  Stfiffot)] 

AR*r  1  (5) 

FNIJ  *  Fn  sin  (cot)*  2  fglxshttcotj  +  tfl-axfat))] 

It  is  seen  that  the  force  is  directly  proportional  to  the  eccentricities  x 
and  y  (this  is,  of  course,  only  true  when  x  and  y  are  reasonably  small  compared 
to  the  radial  alrgap  C).  Hence,  the  magnetic  force  acts  as  a  negative  spring 
force  (negative  because  the  force  acta  in  the  same  direction  as  the  displacement; 
it  does  not  oppose  the  displacement  as  a  mechanical  spring  would  do) .  It  can 
further  be  observed  that  the  force  contains  two  parts,  one  part  which  for 
given  eccentricities  x  and  y  is  constant,  and  one  part  which  varies  periodically 
with  a  frequency  of  twice  the  rotor  speed.  The  constant  part  of  the  force 
acts  on  the  rotor  simply  as  a  negative,  static  spring,  but  the  timevsrying 
part  can  force  the  rotor  to  whirl  and  even  induce  instability  as  discussed 


-  5  - 


I 


♦ 

later.  All  generator  types  produce  Magnetic  forces  of  the  sane  general  fora  as 
shown  above  although  the  tlmevarylng  part  nay  be  absent  In  sons  cases.  Of  the  three 
generator  types  studies,  the  four  pole  hoaopolar  generator  and  the  heteropolar 
inductor  generator  under  load  have  magnetic  forces  with  tinevarying  components, 
whereas  the  hoaopolar  generator  with  more  than  four  poles  and  the  two-coil  Lundell 
generator  only  have  static  force  conponents. 

To  coaplete  the  above  example  of  the  magnetic  forces  in  the  four  pole  hoaopolar 
generator,  where  only  the  forces  acting  on  the  north  poles  have  been  considered 
so  fer,  the  forces  acting  on  the  south  poles,  fj*  and  ,  can  be  obtained 

simply  by  observing  that  the  south  poles  lag  the  north  poles  by  90  degrees. 

Hence,  by  replacing  (cot  )  by  (  Cot  ~  10  )  in  eqs.  (5),  the  forces  on  the  south 
poles  becoae: 

5,-2  Ut I -costtiot))  -y  Sm(2cut)] 

A  R1  (6) 

Thus,  if  the  north  poles  and  the  south  poles  are  In  the  sane  plane,  the  net  forces 
acting  on  the  rotor,  namely  Fx=  (  +  Rj*  )  and  ),  are  in¬ 

dependent  of  tine.  Only,  when  the  pole  planes  do  not  coincide,  is  there  a  possi¬ 
bility  of  a  tinevarying  force  or  a  tlmevarylng  moment.  For  details,  see  Appendix  1. 

This  simple  analysis  illustrates  the  general  character  of  the  more  detailed  analysis 
employed  in  Appendices  I  tc  VI  to  derive  the  formulas  for  calculating  the  magnetic 
forces.  The  analyses  are  concerned  with  the  fundamental  harmonic  of  the  forces 
and  do  not  consider  the  contributions  from  such  factors  as  higher  harmonics  in  the 
flux  wave  or  higher  harmonics  in  the  flux  density  distribution  caused  by  edge 
effects,  slotting  or  pole  shape.  It  will  normally  be  found  that  such  factors  have 
negligible  influence  on  the  net  forces  although  they  can  cause  appreciable  local 
forces.  They  are  basically  unaffected  by  rotor  eccentricity  and,  therefore,  cancel 
out  when  the  net  force  is  obtained.  The  effect  of  generator  load,  on  the  other 
hand,  cannot  be  ignored  and  1a  included  in  the  analysis.  When  the  alternator 
operates  under  load,  the  armature  windings  produce  a  magnetomotive  force,  commonly 
known  as  tha  armature  reaction,  which  opposes  the  flux  direction  of  the  main 
field.  Thus,  the  general  effect  of  the  armature  reaction  is  to  reduce  the  magnetic 
forces  and,  at  the  same  time,  it  may  also  Introduce  new  tlmevarylng  force  components 
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which  have  tha  frequency  of  tha  line  current  or. hanunics  thereof. 


M  I 


The  analysis  Ignores  saturation  effects  In  tha  Iron  and  assuaas  that  all  of 
tha  reluctance  In  the  magnetic  flux  path  occurs  In  tha  alrgapa  at  the  poles. 

In  practice  this  assumption  is  not  valid  where  tha  iron  operates  close  to  satu¬ 
ration.  Tha  effect  of  saturation  is  to  reduce  the  magnetic  force  Values 
obtained  on  the  basis  :of  . unsaturated  iron.  To  lli»ctrate,  return  to  the  homo- 
polar  generator  analyzed  above.  As  shown  in  Figure  1,  the  field  coil  is  between 
the  two  pole  planes.  The  flux  starts  in  the  rotor  at  the  north  poles,  passes 
the  airgaps  of  tha  north  poles,  goes  through  the  stator  iron  and  returns  to 
the  rotor  via  the  airgaps  of  tho  south  poles.  The  combined  Reluctance  of  the 
two  airgaps  of  the  north  poles  is  (two  reluctances  in  parallel): 


A 


(7) 


where  C  is  the  radial  airgap,  A  is  the  pole  area  and  yu  is  the  permeability 
of  air.  The  reluctance  (^s  of  the  airgaps  at  the  south  poles  is  the  same, 
i.e.  <Kh  .  The  reluctance  of  the  fluV  path  through  the  stator  iron 

depends  on  how  the  flux  is  distributed  over  the  cross-sections  of  the  path. 
Symbolically  the  reluctance  may  be  written: 

A  f 

-  _  \  4z  ~ 

(yUrAr U^e  <8) 

where  represents  the  total  length  of  the  flux  path,  z  is  the  coordinate 

along  the  path,  Aj  is  the  cross-sectional  flux  area  which  depends  on  z 
and  yug  is  the  permeability  of  the  stator  iron,  yu j  is  a  function  of  the  local 
flux  density  and,  thus,  is  a  function  of  z  (it  actually  also  varies  over  the 
cross-sectional  area) .  The  calculation  of  is  rather  complicated  since  the 

permeability  is  a  non-linear  function  of  the  flux  density,  thereby  making  it 
necessary  to  compute  the  detailed  flux  distribution  in  order  to  find  the  effective 
overall  reluctance  of  the  flux  path. 

The  reluctance  of  the  flux  path  through  the  rotor  can  be  represented  in 
a  similar  way: 
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(9) 


where  the  — «<»g  of  the  symbols  la  the  ease  ea  above.  The  total  reluctance  of. 
the  flux  path  is  the  sum  of  the  four  reluctances: 

Thu. ,  If  th.  field  coll  produce.  .  Mguecouotlv.  fore.  ^  ,  eh.  drop  In 
%  ,  across  the  alrgaps  at  the  north  poles  become:  » 


* 


(10) 


where  •  If  saturation  effects  are  ignored,  then  ~  * 0  and 

3ms  $  3f  .  The  actual  drop  in  mmf  is  smaller,  causing  a  proportional  reduction 
in  flux  density  and,  therefore,  a  parallel  reduction  in  the  magnetic  forces. 

In  this  way  the  effect  of  saturation  can  be  included  by  multiplying  the  force  , 
values  obtained  on  the  basis  of  unsaturated  iron  by  the  factor:  r#./(evv**)j  • 
It  should  be  emphasized,  however,  that  this  adjustment  is  only  necessary  if  the 
flux  density  has  been  calculated  on  the  basis  of  unsaturated  iron.  If  instead 
the  actual  flux  density,  B,  ,  in  the  alrgaps  at  the  poles  is  known  end  used 
directly  in  the  formulas  given  in  the  following  sections,  the  effect  of  saturation 
is  already  Included  (because  the  effect  is  included  in  B4  ) . 


Having  determined  the  magnetic  forces,  their  effect  on  the  rotor  can  be  studied. 

It  should  first  be  noted  that  that  part  of  the  forces  which  does  not  vary  with  time, 
has  only  a  "passive”  effect.  It  can  be  represented  simply  by  negative  springs 
in  parallel  with  the  stiffnesses  of  the  rotor  bearings  and  the  stiffness  of  the 
rotor  shaft.  It  is  obvious  that  if  this  negative  stiffness  is  large  enough  to 
offset  the  combined  rotor-bearing  stiffness,  then  the  rotor  will  be  statically 
unstable  or,  in  other  words,  the  magnetic  forces  are  so  large  that  the  rotor 
is  simply  pulled  up  against  the  stator..  This  case  is  of  academic  interest  only 
or,  at  least,  it  is  readily  checked  and  does  not  require  any  special  investigation. 
Hence,  assuming  that  the  system  is  statically  3table,  the  timeindependent  compo¬ 
nents  of  the  magnetic  forces  can  be  considered  an  integral  part  of  the  rotor— bearing 
system  in  which  they  are  included  simply  as  another  rotor  bearing,  although  with 
a  negative  stiffness.  In  the  analysis  this  negative  stiffness  is  called  Qp  , 


lbs/inch,  and  in  addition  allowance  fia  nada -for.  .a- aiailar  negative  moment  stiffoeai 
,  lka-inch/radian.  They  must  ba  apecified  ia>  thm  input'  to  the  rotor  computer 


progr 


Turning  next  to  tha  tlaavarylng  coaponanta^af  the^magnetle-  for ces,  thay  can  in¬ 
fluence  the  rotor  la  two  ways*  they- may.  imdmee'" instability  and,  furthermore,  if 
there  la  any  built-in  eccentricity  be tween<-ther rotor  and  tha''  stator, .  thay  can 
force  tha  rotor  to  whirl.  Using  ageintha  prerlooaexampleofthe  4  pole  hoao- 
polar  generator,  let  the  rotor  dlsplaeamnes'rae*sered'from'' the  center  of  the 
alternator  atator  be  XN  and  l jN  in  tha  plana- of-  the  north  poles,  and  Xs  and 
(£  in  tha  plane  of  the  south  poles.  They  the  tiaeva  tying  components  of  the 
magnetic  forces  can  be  written  (from  eqs.  (5)  and  (6)): 


’i*wvar)»ej 


[  CoS {2 Cot)  +  ijN  5ih  (2cot)  ] 


=  W  <«<m]  (u) 

”  3tC  smtZtot)] 

~  3U  f*s  Si»(?<J)-<is  c.5«<«t)] 

Let  the  distance  between  the  two  pole  planes  be  Lp,  inch.  Then  the  slopes  of  the 


rotor  are: 


©*  L,  -*s> 


The  rotor  displacements  at  the  center  plane  of  the  alternator,  midway  between 
the  two  pole  planes,  are: 


x-^(*K+xs) 
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Th«  force*  and  ^  ,  and  the  aoMnti  %,  endT^  -  acting  on  the' rotor  at  the 
cestarplan*  of  th*  alternator  «r«: 

F*sfWr+*3» 

F^S  +  ,i»  a*, 

TxHLp^-f,,)  ;  ■  ... 

viMv-g 

Substituting  *q«.  (11)  Into  «o*  (14)  and  making-use  of' eqa-:- (12)  and  (13)  yield*: 


rx®  34£  [  6  -  C05  +(ps  ir.  (?Cot )  J 


fij  =  Lf  [e  Sih(fat)-(pcos(?eot)] 
7],  *  3^  Lp  fjir  cos (Z<J)  SiViffct)] 
T*  -  ^  Lp  lx  si*(2<ot)  cosfot)] 


Now,  assume  that  the  rotor  starts  to  vhlrl  in  a  closed  orbit  such  that  Xt  U,  0, 
and  (p  represent,  harmonic  oscillations.  Then  the- magnetic ' forces  perform  work 
on  the  rotor  and,  lf  this  work  is  Integrated  over  one  cycle  to  determine  the  net 
•n*r87»  It  will  be  found,  that  If  the  rotor  motion  Is 'periodic  with  a  fundamental 
frequency  of  either  (d  or  2o>  ,  the  possibility  exists  of  the  energy  Input  to 

the  rotor  .being  positive.  In  other  words j  energy-can  be  transferred  from  the  mag¬ 
netic  field  to  the  rotor  motion.  It  obviously  depends  on  the  phase  relationships 
between  the  magnetic  forces  and  the  rotor  motion 'If  the  energy  transfer  to  the  rotor 
will  be  positive  or  negative,  but  lf  the  energy  is  positive,  the  rotor  motion  will 
actually  grow  and  the  rotor  is  unstable.  If  the  energy  Is  zero,  the  rotor  motion 
will  persist  Indefinitely  and  the  system  is  on  the  threshold  of  Instability.  The 
phase  relationship  between  the  magnetic  forces  and  the  rotor  motion  Is  governed 
by  the  stiffness,  damping  and  inertia  properties  of' the*rotor*bearing  system  and 
for  an  .actual  rotor  It  is  necessary  to  perform  the 'detailed  calculations  on  a 
computer.  The  computer  program  for  such  a  calculation  Is  described  In  details  in 
Appendix  XI.  Although  the  program  does  not  actually  check  the  rotor  stability  by 
means  of  the  outlined  energy  method;  the  employed  method 'Is  equivalent  and  the  basic 
analysis  is  described  in  Appendix  IX.  The 'program  calculates  the  threshold  of 
Instability  as  the  zero-point  of  either  of  two  determinants  in  complete  analogy  to 
the  above  development  where  the  rotor  is  on  the -threshold  of  Instability  when 
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th«  energy  Input  le  sere  which  any  happen. lAea.thwfaniieaentel  frequency  i* 
either  Co  or  2 CO  (In  feet,  the',  two  deteniaeata'-correeponds^  to  'rotor  notions 
with  theee  two  fundamental  frequencies) s  •  In- searching- for- the  zero  points  of 
the  determinants  (i.e.  the  threshold  of' instability); -the  rotor  speed  is  kept 
fixed  end  the  magnetic  forces- are  varled-.-ever  .arapeclf led' range.  Once  the 
threshold  has  been' founds  it  ieinBediatalyeheeked'lf'the'aetual  magnetic  forces 
puts  the  rotor  In  a  stable  or  an-,  unstable- zener  of  operation. 

This  fora  of  instability  is  normally  classified- aa -a  Mathieu  type  of  instability 
(references  1  and  2).  However-,  the  classidal  Mathieu' equation  represents,  in 
this  context,  a  rigid,  symmetrical  rotor -with* only  one-critical  speed,  with  only 
one  saplltude  direction  and  with- no- damping'' ln~  the- systsa*.  A' stability  map  for 
such  a  system,  although’ with  damping  included;' is' shown  in figure  5.  It  will  be 
discussed  in  detail  in  the  chapter  entitled!  f*Ih«r Concept' of  Stability  and  Response 
of  a  Rotor  with  Magnetic-  Forcesv1*'  Mostrrotora',''however;''Can"nof  be  represented 
in  this  simplified  fashion.  ■  A- typical' retor-is- net- entirely  symmetric  and  of 
greeter  importance,  it  has  many -critical-  speed*;- 'Furthermore,' the  Mathieu  equation 
allows  only  for1  one  form' bf'  the  magnetic 'forces*  which','  as  an' example,  cannot  be 
made  to  represent  the  forces  in  a  four  pole  homopolar  generator.  The  developed 
computer  program  is  far  more  general  and  can  treat  any -arbitrary  rotor  with  ^ 
its  resonances,  and  also  makes  it  possible' to -specify  magnetic  forces  of  any 
form  desired. 

In  writing  the  program  it  has  been  considered  to  admit  more  than  one  frequency 
in  the  magnetic  forces  (in  the  language  of -the  literature:  to  go  from  a  Mathieu 
equation  to  a  Hill  aquation).  However,  the  study  of  the  three  selected  generator 
types  does  not  indicate  that  higher  harmonics  of  the  fundamental  frequency  are 
Important.  Hence,  only  the  force  components  of  the  fundamental  harmonic  are 
treated  by  the  computer  program.  Furthermore,  to'inclade  higher  harmonics  would 
drastically  increase  the  computer  time.  From  the  point-of-view  of  the  analysis 
or  writing  the  computer  program,  it  is  just  as  easy  to  treat  any  number  of 
frequencies  than  just  one  but  it  is  felt,  at  this  stage,  that  it  would  be  un¬ 
justified  because  of  the  computer  time. 
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It  should  be  emphasised  that  it  is  not  a  simple  teetiaer  matter  f  perform  a  stability 
calculation.  It  requires  aomspre-knevlsdge' ef^tba^eharacteriatica  of  tha  rotar*  r 
baarings  system  (notably  where  tha  critical  speeds'*ara)  la' order  to  interpret  tha...  , 
results  of  tha  calculatlonj  correctly,  and -if la  necessary  to  perform  calculation* 
not  only  at  tha  operating  spead  but  ever  a- sufficient 'range  of  apaada  that  a 
atabillty  aap  can  be  established.  These  problams'are'  dlseossed  at- length  In  the 
chapter  entitled:  "Discussion  on  Performing* Stability  Calculations." 

The  rotor  response  calculation  is  mere  readily 'performed'  than'  the  stability  calcu¬ 
lation.  Let  eqs.  (15)  be  representative'  of- the'  tlmevsrylng' magnetic  forces  and 
assume  that  there  is  a  built-in-  eccentric!  tybeteeatr  thertvter. centerline  and  tha 
stator  axis  such  that,  without  the  rotor  whirling," the~ center  of  tha  rotor  has 
tha  coordinates  X,  and  ij,  with  respset  to  the  center  of  tha  stator,  measured  in 
tha  canterplsna  of  the  alternator.  Furthermora.theaxlaof  the  rotor  is  mis¬ 
aligned  with  respect  to  the  stator  axis' by  the  angles  and  .  Then,  as  seen 
from  eqs.  (15),  forces  and  moments  will  set  on  the  rotor: 

ft)*  *  5^?  Lp  k  (•*(?**)  +  <P0si*(2ut)] 

$  Lr[ets;n(2*t)  ~(p,cos(2«t)]  o) 

(Tx  )0  3  Lr  l x4  (os  (2ut)  +  S,n  f  Icot)  ] 

(TJ)0  [x0$:h(fat)-i]'S;*(fat)] 

These  forces  and  moments  will  obviously  force  the  rotor  to  whirl.  Since  tha  forces 
have  a  frequency  of  ?Co  ,  radlans/sec,  it  is  to  be~ expected  that  the  rotor  will 
whirl  with  the  same  frequency,  l.e.  the  rotor-vibrations  will  be  at  twice  per 
revolution  Instead  of  the  synchronous  vibration  encountered  when  the  rotor  has  a 
mechanical  unbalance.  In  general  it  will  be' found  that  this  will  be  the  predominant 
frequency  of  the  vibration.  However,  as  shown  by  eq."(15),  the  magnetic  forces 
depend  on  the  rotor  amplitude.  Eqs.  (16)  only  represents  that  part  of  the  forces 
which  is  induced  by  the  built-in  eccentricity.''  The  remaining  part  of  the  magnetic 
forces,  namely  the  difference  between  eqs.  (15)  and  (16),  will  interact  with  the 
induced  forces  via  the  rotor-bearing  system  and  will  cause  the  rotor  to  respond 
not  only  with  a  frequency  of  ?&>',  but  also  vith  the  frequencies  4coy  &<oy  f 4> 
and  so  on.  This  calculation  is  performed  by  means  of  the  computer  program  described 
in  details  in  Appendix  XIX. The  basic  analysis  is  contained  in  Appendix  X.  As  in 
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th*  stability  computer  program,  ths  rotor  may  ba  any  arbitrary  flexible  rotor 
with  savaral  bearings,  and  tha  fora  of  tha  magnetic  forcaa  is  quits  general. 

To  calculate  the  response,  the  built-in  eccentricities  between  the  rotor  and  the 
stator  must,  of  course,  be  specified.  A  more  detailed  discussion  of  this  type 
of  calculation  is  given  in  the  chapter:  "Discussion  on  Performing  Response 
Calculations." 

In  summary  it  can  be  said  that  the  analyses,  the  formulas  for  calculating  the 
magnetic  forces  in  the  generator  and  the  two  rotor  dynamic  computer  programs 
are  quite  general,  and  together  they  provide  adequate  means  for  a  comprehensive 
check  of  the  performance  of  a  proposed  alternator  rotor-bearing  system  design. 

It  should  be  noted,  however,  that  whereas  the  presented  analyses  and  the  compu¬ 
tational  methods  are  believed  to  be  sound,  there  are  no  test  data  or  actual 
measurements  available  against  which  the  theoretical  predictions  can  be  checked 
and  compared.  Furthermore,  in  those  applications  where  the  magnetic  force 
gradients  are  small  compared  to  the  combined  rotor-bearing  stiffness  (say,  less 
than  30  percent),  the  two  rotor  computer  programs  are  unnecessarily  "sophisticated” 
and  unjustifiably  complex.  They  give  correct  results  but  in  far  more  detail 
than  required  for  design  purposes.  On  the  other  hand  it  is  felt,  that  aa  long  as 
no  real  practical  experience  is  available  to  serve  as  a  guide,  it  is  safer  to  use 
calculation  methods  which  are  generally  applicable  although  for  any  particular 
application  much  of  the  generated  information  may  prove  to  be  of  limited  practical 
significance.  At  this  early  time  in  the  development  of  designing  alternators 
f  or  space  power  plants  it  is  not  possible  to  predict  with  any  accuracy  what 
future  requirements  may  demand  and  viewed  in  that  context  the  presented  methods 
should  be  able  to  serve  their  purpose. 
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THE  MAGNETIC  FORCES  OF  THREE  BRPSHLBSS  GENERATOR  TYPES 

Thrse  brushless  generator  type*  are  Investigated:  the  hoaopolar  generator,  the 
betarcpolar  inductor  generator  and  the  two-coil  Lund ell  generator.  They  are 
shown  schenatically  in  Figures  1  to  3.  The  magnetic  forces  produced  by  these 
generators  have  been  derived  for  the  generators  operating  without  and  with  load 
and  the  analyses  are  given  in  detail  in  Appendices  I  to  III. Since  manufactured 
generators  differ  widely  in  construction  (notably  in  the  way  they  are  wound), 
even  if  they  are  of  the  same  type,  the  analyses  are  kept1  general,  not  specific. 

The  objective  of  the  analyses  is  to  derive  simple  formulas  from  which  the  magnetic 
forces  can  be  calculated  with  sufficient  accuracy  for  engineering  purposes.  Only 
the  fundamental  harmonic  of  the  forces  are  considered  and  such  factors  as  higher 
harmonics  in  the  flux  wave  or  stator  and  rotor  slotting  are  disregarded.  The 
most  serious  assumption  is  that  saturation  effects  are  Ignored.  However,  satura¬ 
tion  will  reduce  the  magnitude  of  the  forces  and  the  developed  formulas  will,' 
therefore,  give  too  large  forces.  Thus,  the  rotor  calculations  will  be  conserva¬ 
tive  and  actually  have  a  built-in  safety  factor.  It  should  be  noted,  on  the  other 
hand,  that  in  an  actual  generator  the  eccentricity  between  the  stator  and  the 
rotor  is  amt  known  with  too  high  a  degree  of  accuracy,  so  that  a  safety  factor  is 
required  anyway. 


The  formulas  for  calculating  the  magnetic  forces  are  set  up  to  conform  with  the 
required  input  format  to  the  rotor  stability  and  the  rotor  response  computer 
programs.  Hence,  the  calculated  numerical  values  can  be  used  directly  as  input 
to  either  of  the  two  computer  programs.  To  explain  the  input  format,  let  x  and 
y  be  the  amplitudes  6f  the  rotor  in  the  centerplane  of  the  generator,  and  let  & 
and  (p  be  the  corresponding  slopes  of  the  rotor  (l.e.  0  -  and  (f  -  jjf  , 
taken  at  the  centerplane  of  the  generator,  where  z  is  the  coordinate  along  the 
rotor  axis).  The  magnetic  forces  have  the  two  force  components:  and  Fy,  and 

the  two  moment  components:  T  and  T  .  The  forces  are  assumed  to  be  proportional 

*  y 

to  the  amplitudes  and  slopes  of  the  rotor: 
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Hera,  F  and  F  ar«  th«  magnetic  forces  la  lba,  T  and  T  ara  tha  magnetic  moments 

*  A*  *  #  .  . 

la  lba-lnch,  12  la  tha  frequency  of  tha  aagnatlc  fareaa  la  radians /sec. ,  t  la 
time  la  seconds,  and  tha  Q'a  and  q'a  ara  tha  gradients  of  tha  magnetic  fareaa  aad 
aoaanta  where  tha  flrat  Index  apaclflaa  tha  force  direction  and  tha  laat  index  gives 
tha  aaplituia  direction.  Tha  two  computer  programs  require  that  the  values  of  thaaa 
gradlanta  are  given  In  the  coaputer  Input.  In  tha  following  it  will  be  shown  how 
tha  gradlanta  are  obtained  for  tha  generator  typea  under  study. 


Tha  4  Pole  Hoaopolar  Generator  -  The  magnetic  forces  In  the  homopolar  generator 
are  analyzed  In  Appendices  I  and  V .  There  It  la  shown  that  only  for  the  four  pole 
generator  are  the  magnetic  forces  timevarying.  Thus,  tha  rotor  stability  program 
and  tha  rotor  response  program  only  apply  to  this  case.  For  a  different  number  of 
poles*  there  is  no  response  or  stability  problem. 

As  shown  in  Figure  1,  the  north  poles  and  the  south  poles  are  in  separate  planes. 
Let  the  distance  between  the  two  planes  be  Lp,  inch.  Then  the  magnetic  forces 
and  'moments  for  the  generator  operating  with  no  load  become  (see  Eq.  (A. 46), 
Appendix  r  r,  .  .  .  ,  , _ if  -*1 
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where  03  is  the  angular  speed  of  the  rotor  in  radlans/sec.  Hence,  in  terms  ol 
eq.  (17): 

0-4Aj£  Ik 

Vo~^72C  »*>«•* 


o'-  AIL 

Wo-  72C 


i*A> 

fa.  i! An 


~  ~  tyf'  ~QuzQf<f ~  ffj  *  2  72 £  Lr 

(all  other  values  of  Q  and  q  are  zero) 


The  nomenclature  is: 


A  -  area  of  one  pole,  inch 
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C  -  radial  air  gap  at  tha  poles,  inch  '  A 

L  •  dlataaea  between  planaa  of  north  poles  and  tooth  polar,  inch. 

P 

B#  •  hvarag •  flu*  density  la  tha  air  gaps  at  tha  polaa  duo  to  tha  fiald 
eolla,  kilollnea/inch2  *;  -  ‘ '  v 


To  taka  an  example,  lat  tha  average  flux  density  ba  50  kilolittaa / inch  .  .  .1, 

(Thia  ia  a  rathar  average  valua  for  gaaaratora  for  apaea  pove*  plaata  and 
similar  applleatlona) .  Fur tha more,  lat  tha  radial  air  gap  ba  0.040  inch, 

2 

tha  length  between  pole  planaa:  L  ■  4.2  inch  and  tha  pole  area:  A  ■  5.76  inch 

P 

Than:  „  , 


AfiL  - 

72  C  “ 


“  12 ’0,040  "  5'000 


Hence: 


0,»  2o,ooo  & 

0.”  :i,2oo  -ttaasf* 

O.f  r  42,000  rMM* 

*  Qfj  s  ?•»  3  -42,000 

Tha  ratio  between  the  magnetic  force  frequency  and  the  apeed  of  tha  rotor  la: 

co  c 


In  thla  way  all  the  magnetic  force-  Input  data  required  for  the  two  coeiputer 
programs  hare  been  obtained. 

When  the  generator  la  loaded,  all  the  above  values  are  reduced  by  being  multi- 

2 

plied  by  the  factor  (1-f^)  wv  ^re : 

ft  *  N*  *>» <«) 

where : 

■  resistance  of  the  field  coll, ohms. 

Nf  **  number  of  turns  of  the  field  coil 

Ef  *>  the  d.c.  voltage  impressed  in  the  field  coils,  volts 

Na  ”  number  of  turns  of  one  armature  sending.  - 
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■  th«  '  AHUtir  value  of  tbo  current ,  maps  .  ..  u  :  ,c 

Kj  *  distribution  factor  (  3?  0.96  to  1)  ?  >  •  ••.  .1 

Kp  •  pitch  factor  (a?  0.96  to  1)  l 

If  •  power,  factor  angle  ;  ..k  (  -  • 

&  •  power  angle. 

> 

Thus,  ^  gives  the  ratio  between  the  de-magnetlzlng  component  of  the  armature  ' 
reaction  and  half  of  the  oaf  of  the  field  coll.  A  detailed  discussion  Is  given 
In  Appendices  r7  and  V-  To  calculate  £  It  la  necessary  to  obtain  the  necessary 
data  from  the  generator  manufacturer. 

The  Heteropolar  Inductor  Generator  under  Load.  The  magnetic  forces  of  the  hetero- 
polar  Inductor  generator  under  load  are  analyzed  In  Appendix  VI.  Only  when  the 
generator  operates  under  load  are  the  magnetic  forees  tlmedependent  and,  thus, 
only  In  this  case  can  a  rotor  stability  and  a  rotor  response  calculation  be  per¬ 
formed. 


The  heteropolar  inductor  generator  produces  magnetic  forces  only  and  no  moments. 


(24) 


Hence,  In  terms  of  eq.  (17): 
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All  other  gradients  are  zero.  The  ratio  betveen  the  magnetic  force  frequency 
SI  and  the  rotor  speed  is: 
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Th*  nomenclature  la: 


C 


A'.  , 

2n  ■  total  number  of  polea  (n  north  polaa  and  n  aouth  polea) 
ng  •  ona  half  tha  number  of  atator  taath  par  polo 
nf  •  total  nuaber  of  rotor  teeth 
•  area  of  one  atator  tooth,  Inch 
C  “  radial  air  gap  at  the  polea,  Inch 

Bo  "  average  flux  density  in  the  air  gaps  at  the  poles  due  to  the  field 
colls,  kilollnea/lnch^ 

•  fundamental  components  of  the  armature  reaction,  dimensionless. 


The  method  for  evaluating  fci  and  ia  given  in  Appendix  VI.  Here  it  la  found 
restricting  the  analysis  to  the  first  harmonic,  that: 


r  w  - 

ii  +lfs:  -  l+{vYf  Lf 


(30) 


where: 

i 

V  -  KfCo  ,  the  frequency  of  the  magnetic  forces,  radlans/sec 

L  “  sum  of  the  self-inductances  of  the  4n  armature  coils,  Henries 
c 

Lf  ■  the  self-inductance  of  one  field  coil,  Henries 
t,  -  ’/to+frLfi  ,  the  admittance  of  a  field  coll,  ohms-1 
Rf  -  resistance  of  a  field  coil,  ohms 

t  -  '/IV  fvLA7  ,  the  admittance  of  the  power  circuit,  ohms  ^ 

»  resistance  of  the  power  circuit,  ohms 
-  inductance  of  the  power  circuit,  Henries 

Let  P  be  the  permeance  of  the  airgaps  of  one  half  the  stator  teeth  of  a  pole. 
Then: 

p  _ 

r  -  2C 


(31) 


(32) 


*" s  i  r  i-frtf  I 

*«,  *  i  fcj  (f'l  W 

Those  equations  must  be  considered  to  ba  approximate  only,  bat  they  probably 
yield  sufficient  accurate  raaulta  for  the  purpoaa  of  the  rotor  calculations. 

To  lllaatrate  the  use  of  the  expressions,  consider  a  nautical  example.  Let 
the  generator  configuration  be  as  depicted  In  Tig.  2.  Bonce,  there  ore  4  poles 
with  four  stator  teeth  per  pole,  end  the  rotor  has  20  teeth: 

n  »  2 
n.-2 

nr  -  20 

2 

The  rotor  Is  6  inches  long  and  the  area  of  one  stator  tooth  la  1.25  inch  . 

The  radial  eirgap  is  0.005  Inch: 

Aj  -  1.25  Inch2 
C  -  0.005  Inch 

Assume  an  average  flux  density  of: 

B  ■  50  kllollnea/lnch2 
o 

With  these  numbers: 

?hn< At 8*  _  2  2'2'l'2S(50)  _  j.n  Ui_ 

72  C  ~  7 2-0.005  ~  i»«4 

Assume  the  power  factor  to  be  0.8  and  let  the  ratio  between  the  inductance  of 

the  armature  coila  and  the  power  circuit  be  1: 

p*c  0.8 


M0) 
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Than,  from  eqs.  (39)  and  (40): 

*c<r0.lfl 

fs1*0,24 

Then, eqs.  (25)  to  (29)  /laid: 

«.=«,**>  h 

Q^O 
0**0^  25fioo  j& 

33,300  ££ 

J2  .  ,A 

Zo  '  20 

Thasa  values  can  ba  used  directly  aa  input  to  the  rotor  response  and  the  rotor 
stability  programs.  * 


The  Two-Coil  Lundell  Generator.  The  magnetic  forces  for  this  generator  are  analyzed 
in  Appendix  III. It  is  shewn  that,  in  general,  there  are  no  time.varylng  *  magnetic 
forces  in  the  tvo-coil  Lundell  generator  or,  if  there  are,  they  will  be  small 
since  they  are  caused  primarily  by  differences  in  pole  areas.  Hence,  this  generator 
is  of  little  interest  for  purposes  of  calculating  rotor  stability  and  rotor  response. 
The  tvo-coil  Lundell  generator  has  the  same  magnetic  force  characteristics  as  the 
homopolar  generator  except  that  the  north  poles  and  the  south  poles  are  in  the 
same  plane.  It  is  this  factor  which  is  responsible  for  ellimlnating  the  time- 
averaging  magnetic  forces. 
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Za  the  proceeding  chapter,  a  brief  dlacuaalon  has  been  glean  oh  how  the  magnetic 
forcea  can  cause  the  rotor  to  whirl  and  also -induce- lastahillty.  A  sore 
specific  discussion  la,  however,  necessary  in- order*  to~  describe  the  basic 
features  of  the  two  rotor  computer  progress; '  For*  this  purpose,  consider  a 
simplified  rotor  model  where  the  rotor  is  •  rigid- and-  symmetric.  The  rotor  mess 
1*  a,  the  total  bearing  stiffness  Is  X  and' -the- total  bearing  damping  la  B. 

If  the  rotor  amplitude  Is  x  the  magnetic  forces  are  taken  as:  ( —  Q  co$(Qt))x 
where  -ft  la  the  frequency  of  the  magnetic  forces,  Qt  and  Qt  are  the  gradients 
of  the  magnetic  force,  and  t  Is  time.  The  equation  of  motion  is: 

"dt"  *+ TK-Os  +  Q,  &s(£t)]x*0  (42) 

This  equation  Is  the  damped  Mathieu  equation.  To  check  its  stability,  expand 
X  In  a  Fourier  aeries  (references  1  and  2) : 

(43) 


(44) 

V  -  2  Q.  (45) 


Substitute  eq.  (43)  into  eq.  (42): 

21  ( ~0rv) *»)*.*  -  kv  ByJK]  cos(ky)~[(H-Q,-(kvfin)xSk+kvQxck^sth(k1fj} 

kzo  «« 

+  Of  CoS  (2f)  Z  [  *Ck  (os(k  y)  -  xsk  s;»  (ky)]  -  0  (46) 


With  the  trigonometric  identities: 

cos(2y)  cos(ky)  -  { l cos  (k+2)y+  us (k-i)y] 
Cosrtf)  s.n(ky)-  {  [s'»(k42)y+s;h(k-2')Y] 
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*“*  clUctte,  t.rw  in  ml  ,  .,.  («)  ru.  to  w. 

infinite  seta  of  alaultaneoua  aquation*.  Define: 

*, s  X-  0.  - (kvf*  *K-0O- (f)'n 

A,  -  fcvB  «  ^8 


whereby  the  two  eets  of  equation*  can  be  written: 

f  >•  Xu  A  A  — 
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(51) 


To  obtain  a  solution,  note  that  for  k*3  the  equations  can  be  written: 
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1 

0  Q, 

.  1  *S,l(-2, 
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=  K-i  k,w 


A* 


1 

2 


=  0  (52) 


and  substitute  into  tq.  (52)  to  get: 


•  :-.•***!  iint  . 


„  j.0 _ _ _ 

ts'<*+tQ,-L,)‘+(K+iQM 


(Ml 


.  .  iD 
A-  1  ‘ 


(35) 


Hoeing  the  definition  of  Xf.  and  A,,  it  la  seen,  that  aa  lc  °°  , 
and  go  to  xaro.  Hence,  we  may  chooae  a  aufflclently  high  vain*  of  k  that 
the  correaponding  value*  of  d*  and  can  ba  aet  equal  toxere  without  notably 

affecting  the  accuracy  of  the  calculation.  Starting  from  thla  value  of  k, 
and  decreaalng  k  In  atepa  of  2,  all  the  and  ^3^$  can  be  computed  from  the 

recurrence  relatlonahlpa  above,  keeping  the  and  for  k  even  aeparated 

from  the  dfc^$  and  jiijs  for  k  odd.  Carrying  the  calculatlona  out  to  k-4  and 
k-3,  respectively,  eqa.  (50)  and  (51)  become: 


*0  2(3,  0 

0  (A  *+2(3,0,) 


'ct 


52 


(56) 


*« 


'st 


-6 


(57) 


When  \t(  and  XJk  are  different  from  zero,  the  rotor  la  unstable.  This  requires 
that  at  least  one  of  the  determinants  of  the  two  matrices  vanish;  Hence,  the 
zero-point  of  the  two  determinants  establish  the  stability  boundaries.  To  Illustrate, 
assume  there  Is  no  damping  (  B“0,  (•*•  \  dad  t  there  fort  f  pu~0  ).  Further¬ 

more,  assume  that  Q,  la  sufficiently  smell  that  ct,  and  dt  can  be  Ignored  (note: 
ot  Is  "proportional"  to  Q,  ,  sea  eq.  (54)).  Under  these  assumptions  the  deter- 
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le  la  aaan  that  the  aqua  tlona  produce  tvo  aooaa  sf  instability,  on*  c  ante  rod  at 
§)l9Z  and  mi  it  - I  .  If  aors  terms  are  earrlod  In  evaluating  d*  , 
additional  instability  aonaa  will  ba  found,  cantarad  at  4^*  j  J  _  ^  “  , 

but  tha  sanaa  bacoaa  increasingly  narrower.  Furthermore,  when  damping  la  added 
tha  aonaa  no  longer  reach  A  more' detailed  plot  la  shown  in  Fig.  S 

where  tha  abclaaa  la  ■%Jc  ,  tha  ordinate  la  ^/fK'Ojand  thara  are  curves  showing 
tha  boundariaa  for  dlffarant  values  of  Cha^deaplng  paraaatar  B/2  f  mf/C-O,) 
which  glvea  tha  ratio  batwaan  tha  daaplng  coefficient  B  and  tha  critical  daaplng. 
The  curves  are  calculated  on  tha  basis  of  the  outlined  analysis  with  a  maximum 
value  of  le  of  30. 


A  elallar  stability  nap  la  shown  in  Fig.  6  but  whereas  the  first  nap  la  baaed  on 
a  tine  varying  magnetic  force  of  the  form  Q,  (os(SH),  tha  second  nap  la  baaed  on 
a  "square  wave"  variation:  ‘ 


The  difference  between  the  two  stability  sups  is  not  of  any  particular  Importance 
for  nost  practical  cases  where  Q'/(K-  0#)  seldom  exceeds  1.  The  second  nap, 
however.  Illustrates  that  the  changes  in  the  stability  zones  caused  by  higher 
harmonics  in. the  timevarying  magnetic  forces  are  small. 


The  analysis  for  calculating  the  stability  map  shown  in  Fig.  6  can  be  found  In 
reference  1. 


Turning  next  to  Che  amplitude  response  of  the  rotor  model  considered  above,  assume 
that  the  rotor  . has  a  steady  state  eccentricity  measured  from  the  axis  of  the 
magnetic  field,  before  the  field  Is  activated.  When  the  magnetic  field  is 
activated,  the  rotor  axis  is  pulled  further  nut  a  distance  Xj,  until  a  balance  is 
reached  between  the  rotor-bearing  stiffness -and  the  ;magnetlc  forces,  l.e. 


:«  k‘- 


. : :  Kv^  cuxf+v) 

*<*.  i  i. ..  r* 


'«*-  -  •  /,»T-  N>  ,  •  _  ». 

.  '  <•->.  •  •■■;:■■■■  vS',1.  iim-rii  ittfo.-Mi 

« w<-i.r  .»  4 *V>  -  ■’*  -  •  '  *  ■'  l  r  ^ 


JO';.  ,  ?.*■>>><>;  '•-* 
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j^jr  x.' 


w  x;,: .  r  i  i  \  t' *i*,i  riri  1  i  * 

.  r.  i  ^  vi' !  5*-.  r  *..  V*  >i* .  (64)  •  •  •>  *y?  • 

■  \  ,i  '  y  , 


,JV,. ,. . .  «» 


L«c  tba  rotor  anplltude  x  be  asaauredfren  this 'aqsillbrlua  position.  Hence, 
tb«  Aquation  of  notion  bAcooe* :  .  -. 


mjft  +8  jf  +  K(x?+x)  *  (Q$-Q,c*s(fit))(x f,+x) 


Or!  .;■>  : 

m  +  ®  dt  '*‘[^'mO0i‘Q,CosUlt)]x  =  -  Q,x9  COS  (fit)  (66) 

This  squstlon  la  Identical  to  eq.  (42)  except  for  the  nonzero  right  hand  side. 
Expand  x  In  a  Fourier  series: 

X=  T  lxctlCo$(ky) -Xfk  iinfk’V')]  (67) 

kto 


where; 

1f<*  fit  (68) 

A  '  - 

9 

This  expansion  differs  from  the  earlier  one  of  eq>  (43)"J>p  excluding  all  the  terns 
with  \fi  because  these  terms  drop  out  In  the  response  calculation.  Hence,  k 
Is  redefined  and  is  half  of  Its  previous  value.  Except  for  this  change,  eq.  (66) 
Is  expanded  as  shown  earlier  resulting  In  an  infinite  set  of  equations: 


r-i 


where : 


.  1ft  0  0  0  0  0  - 

4  *  -A,  14  0  0 

0  A,  K;  0  Id  0  0  - 

o  la,  o  *  -a,  14  o  - 

tf  o  14  A,  >4  0  14- 

i  l  1  I  i  i  t 

I  l  I  l  I  I  i 

jfH=  K-Q,  -  (U2)« 

\  •  Ml  B 


0 

•4*» 

o 

0 


Thee*  equation*  are  reduced  to  3  equation*  by  the  procedure  employed  previously 


<3,  <*,+i <?,*.)  -(\+iQ,fa)  ■■  xC(f  =  j-Q,y, 

0  (K+iQ,fa)  x5l  J  (0 


The  equation*  arc  readily  solved  to  give: 


*<0~  -i Of  X° 


if  = - zAfa+iQ&l _ _ _ v 


y  -  —  illl-M'-  .  X 

s<  je.+io.d,  *C1  <75) 

For  simplification,  assume  that  there  is  no  damping  <  B~0  J  i.t.  Xk  -0 
and,  therefore,  ^  -0  ).  Furthermore,  assume  that  can  be  ignored.  Intro¬ 

ducing  the  critical  speed  COe  from  eq.  (60)  the  above  equations  become: 
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Xs<s  0  (78) 

;<5 

gives  the  shift  in  equilibrium  position  beyond  the  previously  determined 
Xf  ,  see  eq.  (64),  such  that  the  total  static' eccentricity  betveen  the  magnetic 
axis  and  the  rotor  axis  is: 


(79) 


where  X,*  is  the  mechanically  built-in  Eccentricity. 

,  /  0, 

Disregarding  the  frequently  small  term  2 (  ft-  Qt )  »  amplitude  *C1  is  the  same 

as  would  be  obtained  if  the  term  Q,C0s(flt)  was  Ignored  on  the  left  hand  side  of 
«q.  (66).  Hence,  under  the  stated  condition  the  analysis  can  be  simplified 
significantly. 


In  the  preceedlng  it  has  been  assumed  that  the  rotor  is  rigid  and  symmetric  and, 
furthermore,  that  only  one  amplitude  direction  needs  to  be  considered.  Also, 
such  a  simple  rotor  model  gives-rise  to  only  one  resonance  ("critical  speed”). 

Although  these  assumptions  are  reasonably  valid  in  some  applications,  many  rotors 
are  unsymmetric  or  flexible  and  all  rotors  have  more  than  one  critical  speed.  In 
addition,  the  timevarying  magnetic  forces,  and  frequently  also  the  bearing  stiffness 
and  damping,  cause  coupling  betveen  the  x  and  y  amplitude  directions.  Bence,  t 
much  more  extensive  analysis  is  required  to  treat  an  arbitrary  rotor.  However,  the 
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basic  principle  of  Cha  proceeding  analysis  is  still  valid.  Is turning  to  eq.  (46) , 
which  forms  tha. basis  of  Che  pravlous  solution,  itcanbe  written: 


*  i*: .  ■  ~*j/ 


;  t:  i  s. 


.1 


I  +0(Ga(2f)I  =0(80) 


r. ,  ■■  v  -  j 


whara  Xk  and  Ak  era  given  by  eqs.  (48)  and  (49).  Introduce  a  coop  lex  notation: 


*k  **Cfc  +  lXSfc 


which  is  actually  an  ebbreviated  notation  which  in  its  complete  form  reads: 

xk  *  (x cr+i^)e‘^)  s Xfk Cos (kf) Sin (k^J  (82) 

where  &{  }  means  that  only  the  roal  pert  of  the  bracketed  expression  applies. 

For  convenience,  both  fc{  >  and  are  dropped  during  the  detailed 

analysis  and  only  brought  back  in  the  final  answer.  With  this  convention, 
eq.  (80)  can  be  written: 

I  (*k+i*t)*k  +  <?,  as(2Y)  1 K  =  0  (83) 

k*o  N 

(  +  l  Ak  )  is  called  the  impedance  of  the  rotor.  It  gives  the  ratio  between 

On  applied  force  with  a  given  frequency  and  the  resulting  amplitude  Xk  . 

This  is  seen  by  simply  applying  a  force  with  a  frequency  u?)  . 

to  the  rotor  alone  without  tlmevarying  magnetic  forces.  The  equation  of  motion 

becomes  (see  eq.  (42)): 


where : 


<»  &  +  B  if"  +  (K-<V\  =  F„ 


Rfk  =  ^Vck-**  ^~rsk  ~  ^rcs  (os(k^)  *“  Sihfky) 


Then  the  solution  is: 


which  shows  the  meanir  :  of  the  impedance  (  + 1  Ak  ) . 
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The  response  at  any  location  on  an  arbitrary  rotor  can  alaa  be  represented  by 
Impedances,  and  thaaa  lnpadancaa  ara  detaraldhd  by'  applying' known  dynamic  forcaa 
at  tha  particular  location  on  tha  rotor,  computingthacorreaponding  aaplltuda  and 
taking  tha  ratio.  In  an  arbitrary  rotor  It  la  necessary' to  apply  forcaa  In  both  the 
x  and  y-dlrectlons  ao  that  In  total: 

K*  ~  +  *  K  K  *K  +  ^*12  +  \  ft  /  s 

(85) 

X*  ^  ft 

Lotting  tha  frequency  (k  )  of  the  applied  forces  take  on  all  desired  values, 

the  lupedances  can  be  determined  for  k-0,  1 , 2y - .  These  Impedances  can  then 

be  substituted  Into  equations,  ope  for  the  x-directlon  and  one  for  the  y-direction, 
of  the  same  general  form  as  eq.  (46).  Thereafter  the  corresponding  Infinite  matrices 
can  be  formed,  analogous  to  eqs.  (50)  and  (51),  and' used  in  either  a  stability 
Investigation  or  a  response  calculation  as  dlscossed  previously. 
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DISCUSSION  ON  PERFORMING  STABILITY  CALCULATIONS 

i  «.  ' 

The  general  method  employed  in  calculating  the  threshold  of  Instability  la 
discussed  in  tha  praceading  chapter  and  the  detailed  analysis  la  given  iu 
Appendix  IX  In  order  to  make  proper  use  of  the  stability  computer  program, 
described  in  details  in  Appendix  XI  it  Is  necessary  to  be  rather  familiar  with 
the  analysis.  Therefore,  a  brief  dlicusslon  will  be  given  In  the  following  to 
Illustrate  bow  some  knowledge  of  the  analysis  la  essential  to  a  proper  lnter- 
pretatloa  of  the  computer  output. 

It  should  first  be  remarked  that  the  computer  program  la  written  for  an  arbitrary 
rotor  where,  as  an  example,  it  la  assumed  that  the  bearings  have  different 
stiffnesses  and  damping  In  the  vertical  and  horizontal  directions  and,  further¬ 
more,  that  there  Is  coupling  between  the  motion  In  the  two  directions.  Some 
rotor-bearing  systems  are  axlaymmetrlc  in  which  case  the  motions  in  the  two 
directions  are  the  same  and  the  program  does  twice  as  many  calculations  as  mre 
actually  necessary.  Then  the  stability  determinants  tend  to  stay  positive 
and  the  threshold  of  instability  is  not  readily  found  because  of  the  difficulties 
involved  in  determining  those  particular  points  where  the  determinants  may  assume 
a  value  of  zero.  Hence,  It  can  be  said  that  the  program’s  ability  to  handle 
the  completely  general  case  sometimes  makes  it  more  difficult  to  examine  simpler 
systems. 

The  discussion  is  best  carried  out  by  taking  an  example  for  illustration.  The 
two  instability  determinants  are  given  by  eqs.  (J.25)  and  (J.28),  Appendix  IX,ss: 

I  ^  +  *<?SCo+^Sj  =  0  fevtn  indices}  (86) 

Determinant  of  j  (E,+HS,)X,  +iQXCi+i<lXi1+i(i<iXCi-iQXs1) }  -o  (87) 

ioddJnMisssl 

where  reference  is  made  to  Appendix  ixfor  the  meaning  of  the  symbols.  Consider 
a  four  pole  homopolar  generator  for  which  the  magnetic  force  gradients  yield 
the  two  matrices  (see  Appendix  I): 
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where: 


'  0  0  2*  0 

0  0  0  -Zq 

Q  *  j  2a  0  0  0 

(  0  -2«  0  0 

’  0  0  0 

0  0  -h  0 

0  -2a  0  0 

-2*  0  0  0 

\ 


a- 


AB?  . 

72  C  Lr 


Let:  the  rotor  be  symmetric  and  such  that  there  Is  no  coupling  between  the  x-ampll- 
tudea  and  the  y-amplltudea .  Hence,  the  rotor  Impedance  matrices,  Ev,  can  be 
written  (eq.  (H.72),  Appendix  VIII): 

I  0  <*,+lK,  \,  0  0 

*  0  0  (v’U  0 

0  0  0  (#f+»Af)k 

If  the  rotor  Is  rigid  with  a  mass  m,  a  transverse  mass  moment  of  Inertia  I  and 
a  negligible  polar  mess  moment  of  Inertia,  the  bearing  stiffnesses  areiK^  and 
Kj  ,  and  the  bearing  dampings  are  Bx  and  ,  the  elements  of  the  Impedance 
matrix  become:  ^ 

ZKx-(kv)h> 

-  2  Kij  —  (kv)2*) 

*  i  kx  /*-  (kv)lr 

Xfk  -  {  ky/2-  (kvfl 

XtH  -  l  (lev)  B*  (92) 

*  2  (kv)  Btj 

A.*  -  i  tl(kv)  8* 
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where  Jt  la  ch«  rocor  span  between  baarlnga  and  V*|H  ,  where  it  la  fcha  fre¬ 
quency  of  Cha  magnetic  foreaa. 

Conalder  aq.  (87)  and  raatrlcc  tha  analysis  Co  a  aingla  harmonic  only  (l.a. 

5,  s  0  )•  Substlcuta  from  aqs.  (88),  (89)  and  (91)  to  gat: 
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(93) 


=  0 


The  determinant  of  this  matrix  is  the  determinant'' for  odd  Indices.  To  evaluate 
the  determinant  It  la  seen  that  the  systems  of  equations  can  be  written  as  two 
seta  of  equations: 


0 


XfJ+lX,f 

Ha+'Ha 


d  -ia\focriest 

+  t  ~o 

“«  -«J 


(94) 


a  ta 

ta  -A 


|X«+lXS* 

Solve  eq.  (95)  for 


l  0  -  i\fi) 


~-0 


r  ®<»  ~  t  ®s«  i 
l  Vci  ~ 1  <J>S<  7 


and  substitute  Into  eq.  (94)  to  get 


(95) 


f  forWAjtf )  0  ) 

a  -td 

jJ '/<*„- a. J  o 

>  “i 

fV‘V 

1  0 

-id  -a  , 

I  o  ^-.y. 

] »d  -a, 

« 

=  0 


(96) 


or: 


(*»«”£ +‘Airf)  “<‘f  Hxc,+<X,# 

if  +  J  { ^ci * t y** 


*  0 


(97) 


-  35  - 


wh«r«t 


-  36  - 


Substitute  free:  eqs.  (92)  laeo  aq.  (102),  making  use  ef  eqs.  (103): 


Since  it  la  a  four  pole  homopelar  generator,  V  =  GO  where  CO  la  the  angular  speed 
of  the  rotor. 


The  stability  map  defined  by  eq.  (104)  is  best  illustrated  by  assuming  certain 
nuaerlcal  values.  Let  ^'2  Kr  (i.e.  the  bearings  are  twice  as  stiff  in  the 
x-dlrection' as  in  the  y-dlrection) .  Then: 


Assume  also,  that  the  conical  critical  speed,  ,  is  1.58  times  the  translatory 
critical  speed  to*  such  that: 


Then: 


(Xf=2-* 


The  corresponding  stability  plot  becomes: 


“ir®  ff  °  ® 


When  It  is  now  considered  that  there  will  be  analogous  instability  tones  located  •' 
at  2  j  3  ;  4  .  etc.  and,  furthermore,  for  ^  >  I  there  may  be  instability 
tones  caused  by  the  higher  critical  speeds  of  the  rotor,  it  is  readily  seen 
that  the  complete  stability  map  can  easily  become  very  complicated.  However, 
it  is  necessary  to  have  some  preconcept  of  where  the  instability  tones  are, 
otherwise  it  is  easy  to  misinterpret  the  results  from  the  computer  program. 

Thus, if  in  the  above  example  the  rotor  is  operating  at  ^ the  stability 
determinant  would  never  be  equal  to  tero  because  the  rotor  is  Inherently  unstable 
and  the  determinant  only  Indicates  the  threshold  of  instability,  i.e.  the 
boundaries  of  the  instability  zones.  It  cannot  tell  if  the  rotor  is  stable  or 
unstable. 

When  bearing  damping  is  present,  the  instability  zones  move  up  in  the  above  map 
and  some  of  the  zones  may  actually  disappear  altogether.  It  is  still  recommended 
to  perform  a  calculation  without  damping  first  in  order  to  locate  the  potential 
instability  zones.  It  is  then  eaqier  to  decide  where  tb  search  for  the  instability 
threshold  when  damping  is  included. 


The  computer  program  searches  for  tho  threshold  of  instability  by  varying 
tho  valua  of  tho  aagnatlc  forca  gradient.  Zn  other  vorda.  In  ttraa  of  tho 
above  example,  a  la  varied  over  a  specif  led  range  at  a  fixed  valua  of 
and  for  each  value  of  a  the  tvo  determinants  arc  computed.  The  program  detecta 
If  any  of.  the  determlnante  changes  sign  but  la,  of  course,  otherwise  unable  to 
decide  If  a  determinant  hail  a  zero-point.  The  numerical  round-off  errora  and 
alao  the  fact  that  the  determlnante  are  only  evaluated  at  discrete  values, 
usually  prevent  the  detection  of  a  zero-point  where  the  slope  of  Che  determinant 
la  aero.  *0*  this  reason  it  Is  frequently  necessary  to  let  the  magnetic  force 
gradient  vary  In  fine  Increments. 


In  summary,  the  recommended  procedure  for  performing  a  stability  calculation  Is: 

j«.  Determine  all  the  critical  speeds  of  the  rotor  that  may  possibly  Influence 
the  stability  of  the  rotor.  These  are  the  critical  speeds  which  are  close  to 
1/2,  1  and  maybe  even  3/2  times  the  frequency  of  the  magnetic  forces  (it 
depends  on  how  well  they  are  damped) .  The  tvo  lowest  critical  speeds  should 
always  be  Included  and  frequently  also  the  third  critical  speed. 


t».  The  magnetic  force  frequency,  jfi  ,  Is  a  fixed  ratio  of  the  rotor  speed  CO  . 
For  the  four  pole  homopolar  generator ,  ,  ^  =  2  and  for  the  heteropolar  Inductor 
generator,  ^  is  equal  to  the  number  of  rotor  teeth.  Then,  on  the  basis 
of  the  known  critical  speeds  select  two  rotor  speeds,  one  on  each  side  of  the 
operating  speed.  These  two  speeds  are  determined  as  the  speeds  closest  to  the 
operating  speed  from  the  following  relationships: 


CO  = 


To  Illustrate,  assume  that  a  four  pole  homopolar  generator  operates  at  12,000  rpm 
-  2  )  and  that  its  first  three  critical  speeds  at  9,000,  11,000  and 
32,000  rpm.  Then  the  rotor  speeds  at  which  the  rotor  is  susceptible  to  instability 
are: 
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9(000  r pa 
4(300  rpm 
3(000  rpa 


11,000  rpa 
5(5pflCrpa 

5(700  rpa 

/ 


32(000  rpa 
16,000  rpa 
10,700  rpa 


■i  T;f}  •  (  ilf'. 


Baaea,  the  alnlaua  spaed  range  for  the  calculations  ara  free  11,000  to  16,000  rpa»-r, 

.  V 


c_,  Far  fora  stability  calculations  covering  the  determined-  spaed  raaga  and  leaving 
out  any  bearing  damping.  In  this  way,  a  stability  aap  for  the  undamped  system  . 
la  obtained.  If  the  actual  magnetic  force  gradients  ara  such  that  the  rotor  ; . 
operates  In  a  stable  cone,  the  rotor  is  stable  and  no  further  calculations 
ara  required.  Otherwise,  perform  additional  calculations  in  which  the  bearing 
damping  la  Included.  In  these  calculations  the  magnetic  forca  gradients  should 
be  varied  In  very  small  steps  In  the  neighborhood  of  the  threshold  in  order  to 
determine  the  exact  zero-point  (or  minimum  point)  of  the  Instability  determinant. 
If  the  rotor  operates  below  the  zero-point  it  Is  stable,  otherwise  unstable 
(In  theory  there  are  exceptions  to  this  rule  but  in  practice  the  rule  should  be 
valid). 
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DISCPSSIOW  ON  PERFORMING  RESPONSE  CALCULATIONS 

A  rotor  response  calculation  la  considerably  simpler  to  perform  than  a  stability 
calculation  and  does  not  require  tha  same  understanding  of  tha  detailed  analysis. 
However,  sous  knowledge  of  tha  analysis  aay  prove  helpful  In  certain  cases. 

Let  the  frequency  of  the  magnetic  forces  be  Q  and  the  angular  speed  of  the 
rotor  la  Co  .  The  ratio:  *%>  is  fixed  for  a  given  generator  (  for 

the  4  pole  homopolar  generator,  and  ^  is  equal  to  the  number  of  teeth  for  the 
hataropolar  Inductor  generator).  Tbs  rotor  Is  forced  to  whirl  by  the  magnetic 
forces  produced  when  the  rotor  axis  does  not  coincide  with  the  magnetic  axis 
of  the  alternator  stator.  The  position  of  the  rotor  axis  is  defined  by  four 
coordinates:  the  eccentricity  components  X,  and  ijt  measured  In  the  center- 
plane  of  the  alternator,  and*  the  misalignment  angles  ©B  and  %  .  In  the  homo- 
polar  generator,  both  forces  and  moments  will  be  set  up  such  that  the  forces 
are  proportional  to  &0  and  and  the  moments  are  proportional  to  V,  and  Lj0  . 

In  the  heteropolar  Inductor  generator,  only  forces  are  produced.  They  are  pro¬ 
portional  to  yt  and  Lj0  . 

The  fundamental  response  of  the  rotor  has  the  same  frequency  as  the  magnetic 
forces  (i.e.  the  amplitudes  vary  harmonically  vith  the  frequency!)  ).  In  addi¬ 
tion,  higher  harmonics  of  the  fundamental  frequency  will  also  be  excited  which 
means  that  the  vibratory  response  will  contain  components  not  only  with  the 
fundamental  frequency -ft  but  also  with  frequencies  ?D,  3  fl  ,  and  so  on.  How¬ 
ever,  the  excitation  force  available  for  the  higher  harmonics  normally  decrease 
rapidly  with  the  number  of  the  harmonics.  Let  the  gradients  of  the  magnetic 
forces  be  represented  by  the  symbol  a  and  let  the  combined  rotor-bearing  stiff¬ 
ness  be  represented  by  K.  If  the  number  of  the  harmonic  is  H ,  the  available 

/a 

excitation  force  for  that  harmonic  is  very  roughly  proportional  to  ( ^ /  . 

Thus,  if  the  magnetic  force  gradient  is,  say  30  percent  of  the  rotor-bearing 
stiffness  (i.e.  ^  -0.3  )  and  resonance  effects  are  ignored,  the  amplitudes 

of  the  second  harmonic  are  of  the  order  of  10  percent  of  the  amplitudes  of  the 
fundamental  harmonic,  and  the  amplitudes  of  the  third  harmonic  are  only  of  the 
order  of  1  percent  of  the  fundamental  harmonic.  Hence,  it  is  readily  seen  that 
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unlast  is  reasonably  large,  only  ths  fundamental  harmonic,  or  possibly  the 
two  first  harmonics,  ere  of  any  practical  significance.  The  only  possible 
exception  is  whan  one  of  the  harmonic  frequencies  is  dess  te  a  resonance  ef  the  ,  A 
rotor-bearing  system  for  which  little  damping  is  provided.  In  that  case,  even 
if  the  excitation  force  may  be  small,  the  corresponding  amplitudes  could  become  . 
appreciable.  The  resonant  peak,  on  the  other  hand,  will  be  very  narrow.  It  is, 
therefore,  recommended  that  when  a  rotor  response  calculation  Is  performed,  the 
calculation  la  not  limited  just  to  the  operating  speed  but  covers  a  reasonable 
speed  range  around  the  operating  speed.  In  this  way  it  will  be  possible  3  detect 
if  there  are  any  high  amplitude  response  too  close  to  the  operating  speed.  ,n 


.  .  v  j 
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SUMMARY 


The  principal  objectives  of  this  volume  are:  a)  to  give  formulae  from  which 
the  magnetic  forcee  in  three  repreaentatlve  generator  types  can  be  calculated, 
b)  to  provide  a  computer  program  to  calculate  the  stability  of  the  alternator 

t 

rotor,  and  c)  to  provide  a  computer  program  to  calculate  the  amplitude  response  ' 
of  the  alternator  rotor.  It  is  the  intention  that  these  engineering  tools  can 
be  used  in  future  design  and  development  work  in  the  application  of  alternators 
to  space  power  plants  and  similar  machinery,  and  both  the  formulas  and  the  two 
computer  programs  arc  presented  in  a  form  where  they  can  be  readily  applied 
to  an  actual  application. 

To  establish  the  formulas  and  the  computational  methods,  a  rather  complex  analysis 
has  been  performed.  There  is  no  previous  work  in  this  field  on  which  the 
analysis  can  be  based  and  it  is  Idlleved  that  several  of  the  developed  methods 
may  be  of  value  in  future  work  on  electromagnetic  force  interaction  and  rotor 
dynamics. 

At  present  there  is  little  test  experience  or  experimental  datn  againatvhich  the 
results  of  this  Investigation  can  be  compared.  For  this  reason  and,  more  sig¬ 
nificantly,  also  because  it  is  a  problem  of  serious  practical  concern.  It  would 
be  d""*-able  to  perform  a  similar  investigation  of  the  effect  of  the  magnetic 
forces  on  the  rotor  of  an  electrical  motor.  As  mentioned  previously,  severe 
vibration  problems  have  been  encountered  in  at  least  three  electrical  motor 
applications  and  it  would  be  of  importance  to  determine  the  exact  causes  of 
the  vibrations  so  that  the  problem  may  be  avoided  in  future  motor  designs. 

The  methods  presented  in  this  volume  could  serve  as  a  basis  for  such  an 
investigation. 
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Outline  of  Rotor  with  Location  of  Rotor  Stations 


STATION  n  STATION  (n-H) 

Sign  Convention  for  Amplitude,  Slope,  Bending  Moment  and  Shear  Force 


Figure  4  Rotor  Model  and  Sign  Convention  for  Analysis  of  Rotor  Impedance 
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Figure  5 
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Varying  Magnetic  Force 
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APPENDIX  I:  Magnetic  Forces  of  a  Homopolar  Generator  Operating  With  No  Load 

A  homopolar  generator  Is  shown  schematically  in  Fig.  1.  It  is  a  brushless 
generator  whose  field  coil  is  located  between  the  plane  of  the  north  poles  and 
the  plane  of  the  south  poles.  Let  there  be  n  north  poles  and  n  southpolas. 
Furthermore,  the  field  coil  has  windings  such  that  it's  mmf,  is: 

y(  -  Nf  ^  (A.i) 


where  if  is  the  current  in  the  coil. 


The  magnetic  reluctance  of  the  airgap  at  the  k'th  north  pole  is  ant*  at 

the  k'th  south  pole  Set: 

1  _  r1  J_ 

/ 0  ~  2.  (0  (A. 2) 


-  =i- 

<*S  t  *5k 


(A.  3) 


The  flux,  Jp  leaving  the  rotor  through  the  uorth  poles  is  the  same  flux  that 
enters  the  rotor  through  the  south  poles.  *iher>  the  mmf's  across  the  airgaps 
of  the  north  poles  and  the  south  poles  are  3N  «...  ^  .respectively,  the 

aquations  relating  flux  and  mmf  becomes: 

Since  and  <R-  are  f«  series,  the  total  reluctance  of  the  flux  path  is 
N  5 

)  >  ignoring  the  reluctance  of  rbe  iron  \i.e.  saturation  effects  are 
ignored).  Hence: 

f  r  x?ks  <A-5> 

Combining  eqa.  (A. A)  and  (A. 5): 

>  =  -fftL-  2  (A. 6) 

■^N  QntO(s  ^ 

\  =  y(  lA-7) 
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I 

I 


mmm 


To  determine  the  reluctances,  assume  the  rotor  to  be  eccentric  by  the  distance 
a  from  the  center  of  the  stator  and  let  the  angle  between  the  direction  of 
displacement  and  the  vertical  axis  (the  k-axls)  be  o(! 

center  of  stator  p  ^ 

<H  >  center  of  rotor 


GO 

Angular  spaed 
of  rotor 


1/efine  the  eccentricity  ratio  £  by: 


£=! 


(A. 8) 


where  C  is  the  mean  radial  gap  at  the  polar.  Hence: 


X  =  ecosol  *  Cf  CoSd 


(A.  9) 


tj-  esmo(=  C  f.  sin  * 


(A. 10) 


At  time  t-0,  the  first  northpole  is  on  the  x-axis.  Hence  the  center  of  the 
k'th  pole  is  at  an  angle  (k-1)  ^  from  the  x-axis  at  t-0.  When  the  angular 
speed  of  the  rotor  is  Co,  the  airgap  at  the  center  of  the  k'th  northpole  can 
be  expressed  as: 


Kk~  ~£C05 (Got-** 


(A. 11) 


The  southpoles  are  displaced  jj  from  the  northpoles,  and  the  airgap  at  the  center 
of  the  k'th  southpole  becomes: 


h5(<~  C  f  i-f  c o$((ot~*  +  +  J 


(A. 12) 


Thus,  the  reluctance  of  the  airgap  of  the  k'th  northpole  becomes: 

fifth*  X} f  =  ^  [l-ecos(U-*+%(k-i))] 


(A. 13) 
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where  A  is  Che  area  of  a  pola  and  yt*  is  Che  permeability .  If  £  is  asnuaed 
small  (C«l  ),  eq.  (A.  13}  yields: 


4=  ^  [l+£  «W-<  +  » Ml]  (*.14) 

Hence,  from  eq.  (A. 2):  * 

db  =  fh  +  £  I.  cos&ot-<*  +  fit-1))] 

P'S*  C  L  l(m| 

“  H  +  £  f«5 (tot-c()  E  fas  ff (k-l))  -£  Sihfa-*)  Z  5i*  (% (k-l))] 

^  kri  k*» 

Now: 


f  s.Vi(k  vff)  =  0 

ksl 


/or  h=l 
for  H  ^  2 


(A. 16) 

(A.  17) 


Ignoring  Che  case  of  n-1,  where  chere  are  no  magneCic  forces  anyway,  eq.  (A. 15) 
becomes: 


c 

hA  ju 


Similarly,  iC  Is  found  chaC: 

^S=  hAyu 


(A.  18) 


(A.  19) 


whereby  eqs.  (A. 6)  and  (A. 7)  yield: 

~  ~  2  (A.  20) 

Since  bcCh  3^  and  ,  and  also  ^  and  are  independenC  of  cime,  Che  CoCal 

flux  (ft  will  also  be  independenC  of  time  (see  eq.  (A. 4))  which  means  that  there  Is 
nj  self-induced  current  in  the  field  coil. 
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On  this  basis  tha  flux  for  tha  k'th  nortbpole  baconea: 

ftfl,  ^[l+fMSM-ol+fffk-l)]  M-21) 

and  for  tha  k'th  southpole: 

=  ^20*  [l+£<«s(ft»t-c*  +  £  +  ffCk-O)] 

$k 

At  each  pole  there  Is  a  radial  force  pulling  on  the  rotor, 
pole  this  force  becomes: 


where  Q  Is  a  constant  which  depends  on  the  units  employed  for  the  quantities. 

2 

If  (p  Is  In  lines,  A  Is  In  Inch  and  the  force  la  measured  in  lbs.,  then 

I 

Q  "  12,130,000 

This  force  has  x  and  y  components  which  for  the  k'th  northpole  become: 


(A.  23) 

( rN,  )v  *  0  f-"  Sin  (tot +g(k-l>) 

(A.  24) 

When  <U  la  substituted  from  eq.  (A. 21)  and  the  forces  are  summed  over  all  n 
northpoles,  the  total  forces  acting  on  the  rotor  In  the  plane  of  the  northpoles 
become 

£(FNk)k  -  Q  Z  f  1+2  £  CoS((Jt-<*  +  £ vIH})]  CoS  (cot  +  ¥ (k-t)]  (A.  25) 

Z  [  1+  2c.  cos(<ot  -*  +  ?(H))]  Sin  (cot  +  (Hi)  (A.  26) 

7  ({*«  "7  *  k*l 


(A.  22) 

For  the  k'th  north- 
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By  expanding  the  trigonometric  function#  and  making  uae  of  eqa.  (A. 16)  and 
(A. .17),  theae  aquations  can  be  written: 


fy* *  Q  t  Z  [cow[l+ce$2(cut+  ^flr-l))]  +sintt  sin2(tot+  &(k-l))}  (a.27) 

fy  «  Q  £  ^{foSei-si'n^ifot+^k-l))  +situi[l-eos2(cot+  I?(k-l)j]}  (A.28) 


The  following  identities  hold  true: 

n  I  I  for  ha  I 

Tcosikj;)  =j  2  for  h=2 

I-  0  n^3 

ZshOclr’)  -o  A>r  *//  * 

k*i 


(A.  29) 


(A.  30) 


Furthermore,  since  the  total  flux  is  (p  the  average  flux  density  B0  is: 


8rl=  -Jf -  =  ^ 

hA  hAitiH-KtJ  He 


(A.  31) 


Introducing  these  equations  into  eqs.  (A.27)  and  (A.28)  and  making  use  of  eqs. 
(A. 9)  and  (A. 10),  the  result  becomes: 

Far . 2 

FNx=  2Q  [xN(l+Coi(?iut))  +tf"  $i*(?Cot)J  (A.32) 


FJ^  -  2  0  ^  fxw  SinfZcot)  +  yN(/-Cos(?Cot))] 


For  n^3 


x  as! 


~  "  0  C  *" 

c  ~  Afif 

c  Kn 


(A. 33) 


(A. 34) 


(A.  35) 
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Similarly,  the  forces  in  the  plane  of  the  southpoles  become: 

Eae_a«2  * 

[xsfl-cosfatti-ftsfofat)] 

(A.  36) 

FSi=20  [-Xf  sin (2cot)  -f  tjs (hcc sttcot) ] 

(A.  37) 

For  n-3 

_  -  AB l 

(A.  38) 

r  ~  ABl 

(A.  39) 

For  use  In  Che  stability  and  response  calculation,  these  forces  should  be  written 


in  a  different  form. 


Let  the  distance  between  the  pole  planes  be  and  let  the 


Furthermore, 
where  Z  is  the  axial 


rotor  displacement  in  the  center  between  the  two  planes  be  x  and  y. 
let  the  rotor  have  the  slopes  ©*  and 

coordinate.  Then  the  displacements  in  the  pole  planes  become: 


x-iLfa 


(A. 40) 


The  forces  and  moments  acting  on  the  rotor  become: 


=  i  (FNr^) 


(A. 41) 


3»bstitute  eqs.  (A. 40)  into  eqs.  (A. 32)  to  (A. 39)  and  combine  them  according  to 
eq.  (A. 41)  to  get: 

=  2Q  [?*  +eLf f0i(?£ot)+<pLp sthttot)]  (a. 42) 

r  20  [2lf  +  © Lp Sin(?(ot)  —  <P  Lr  Cos(?cU)]  (A.43) 

Tx  =  2Q-^t  [xLfcos(2cot)+^LP5ih(2£ot)+iL2fe]  (a.44) 

T1*  25  ^  [x  L,  Lfcos(2cot)+KP(p] 


(A.  45) 


which  can  be  written  in  matrix  form: 

Fnr  h*2 


(v 

Q**1 

X 

T, 

=  . 

(?<>«* 

‘  ~  [Qco5  (?<ot)  —  ^  Sirttttot)] 

H 

e 

lTJ 

o:<f 

V 

Here: 

5>r  n* 2 


A&L 
c 


Q.-4S 


Iks 

inch 


<?.'  =  5  ^  4 


Ibi  •inch 
Mia* 


and 

Fan 


Q  and  are  A  by  4  matrices: 


J£l 


Q  =  2q46iL, 


«  =  2Q^-Lr 


0 

0 

-I 

0 

0 

0 

0 

I 


0 

0 

0 

I 

0 

0 

I 

0 


-I 

0 

0 

0 

0 

I 

0 

0 


0 

I 

0 

0 

I 

0 

0 

0  J 


Us 


lbs 


(A. 46) 


(A.  47) 

(A. 48) 


(A. 49) 


(A. 50) 


In  this  form  the  results  can  be  used  directly  in  the  stability  and  response 
calculations.  Whan  there  are  more  than  four  poles  (i.e.  h^3  )  the  forces  are  not 
time  dependent  and,  hence,  a  stability  or  response  calculation  of  the  type  under 
investigation  does  not  apply.  However,  there  will  still  be  negative  lateral 
and  moment  stiffnesses  which  must  be  taken  into  account  when  performing  the 
more  conventional  rotor  unbalance  response  calculation. 


These  spring  coefficients  are: 
For 


0.=  2"0  ^ 

A*—  *wA  ^  i  ^ 


JISL 

inch 

lb 5- inch 
taJitn 
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APPENDIX  II:  Magnetic  Forces  of  a  Heteropolar  Inductor  Generator  Operating 
with  No  Load 

A  cross-section  of  a  heteropolar  generator  la  shown  schematically  in  Fig.  2. 

It  la  a  bruahlesa  generator  with  a  field  coll  for  each  pole  auch  that  a  pole 
receives  Its  flux  from  two  field  colls.  Each  pole  has  two  faces  which  are 
provided  with  teeth.  The  rotor  likewise  has  teeth.  Schematically,  with  2  north 


Figure  7:  Schematic  Diagram  Showing  the  Magnetic 
Circuit  of  a  Heteropolar  Generator 


Here,  is  the  flux  generated  by  field  coil  No.  1,  is  the  flux  generated 
by  field  coil  No.  2,  and  so  on.  $  and  (fz  combine  and  make  up  the  flux, 

(j)^  passing  through  the  first  north  pole,  and  this  flux  returns  from  the 
rotor  to  the  stator  through  the  south  poles  as  part  of  (j^  and 

Similarly,  ^3  and  (fy  combine  to  the  flux  passing  through  the  second 

north  pole,  and  so  on. 

The  reluctances  of  the  airgaps  at  the  poles  are  ,  ^5/  ,  and 

.  The  mmf'sacross  these  airgaps  are  3j^,  3^  ,  and  ,  respectively. 
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Slnc«  tha  aua  of  all  aaf'a  around  any  cloaad  circuit  haa  to  aqual  *ero,  Fig. 
ahova  that: 


3»i  * h, »  h, >„  =  J„2 + *  %,  +?„,  =  % 


(B.l) 


frea  which: 


~ 


In  genaral,  the  generator  has  n  north  poles  and  n  south  poles.  In  which  case: 

*  ?#„*?*) 


%f*V - = 

Tha  flu*  across  tha  pola  alrgaps  then  becomes: 

?»T^  +  ft’ 

Tha  total  flu*, ,  Is  given  by: 

?-£?. 

Thus,  from  eq.  (B.4): 

P*  (*.: +  «r  4 - +  ;r-)?..= 


|  W* 


(B.3) 


Then: 


f  JL 

fe  «» 


=  *3? 
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(B.8) 


which  by  means  of  eq.  (B.3)  yields: 

or:  & 


1  1 


4  -  3 

7*  <**+«,  ^ 

To  determine  Che  reluctances,  consider  the  airgapa  at  a  pole: 


field 

Coil  . 


J  J  J  J 


Statoc 


1 


uHZH_r~ 


f 


i  1 1  i 

MUa» 


CO 


Rotor 


(B.9) 


Figure  8:  Pole  Airgapa  At  Tima  t»0 


Let  there  be  h,.  rotor  teeth  in  total.  Then  a  rotor  tooth  or  a  stator  tooth 
extends  over  an  angle  ~  .  Thus ,  if  the  angle  y  measured  from  the  center- 

line  of  the  pole,  is  fixed  in  the  stator,  the  position  of  the  centers  of  the 
stator  teeth  are: 


(B. 10) 


when  there  are  2ng  stator  teeth  per  pole.  Note: 

hr  -  2n  (2rts+l)  (B.  11) 

Introduce  an  x-axis  which  passes  between  the  last  south  pole  (number  n)  and 
the  first  north  pole.  Measured  from  this  axis  the  centerline  of  the  k’th 
pole  is  located  at: 

£  +  ?  (k-0  W/,2, - (3.12) 

Thus,  the  J '  th  stator  tooth  at  the  k’th  pole  is  located  an  angle:  £  +'y(JH)+^ 
from  the  x-axls.  Assume  the  rotor  to  be  eccentric  such  that  the 
center  of  the  rotor  is  a  distance  C£  from  the  stator  center,  and  the  angle  c< 
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I 


! 

i 

i 


is  the  angle  between  the  x-axls  and  the  direction  of  eccentricity* 

x=Cec  os* 
ij-Ce  sind 


Hence: 


(B.13) 


where  C  is  Che  radial  clearance  for  the  concentric  rotor  and  €  is  the  eccentricity 
ratio.  Thus,  the  airgap  at  the  J'th  stator  tooth  for  the  k'th  pole  becomes: 


(B.14) 


Next,  let  figure  8  apply  to  the  time  t»0.  When  the  angular  speed  of  the  rotor 
is  (*> ,  the  flux  afcea  of  a  stator  tooth  becomes: 

Aj  -  i  At(I±  cos(nrcot))-i  AT0*co5(vt))  (b.is) 

Electrical  frequency  :  V-  hrCO  (B.16) 


where  the  plus  sign,  applies  to  the  teeth  where  is  positive,  and  the  minus  sign 
where  ^  is  negative.  Ay  is  the  actual  area  of  a  stator  tooth. 

From  eqs.  (B.14)  and  (B.15)  the  reluctance  ^  of  the  airgap  at  the  j'th  stator 
tooth  of  the  k'th  pole  can  be  expressed  as: 


q  ~  =  ■^T(lifos(vt))[|+f  «s(n(H)+ J+Jj-tl)]  (B.17) 

since  E^<  I  •  Let  the  total  reluctance  for  positive  ^  be  and  for  negative 
be  .  Then:  * 

>0 *  0+Cos(vt))[he  Cos(n(ki)-i-S,t(ij-l)^'d)] 

~  /fc1  +  e  (g  cos  (J  (k-l)+£-d)-Hsin($(lc-0+£-u))l  (B. 18) 

(I-Cosfvt))  [l  te<o$(*(H)+£-Mj-i)£r-u)] 
(l~Cos(vt))[hs+£(Gcos(X(H)+£-c()  +  Hsit>ffl (k-l) + J-e<))]  (B. 19) 
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where: 


G  -  ^  <o$ 

J*l 

H  *  t  s;n(4ri)£r 


(B.20) 


(B.21) 


The  total  reluctance,  ^  ,  of  the  airgaps  at  the  k'th  pole  la  then: 

^  a<jL+dL*'*(^T^hs~h*i*  ~cHcos(yt)sh(f(Wh£“tljJ  (B.22) 

The  first  north  pole  la  at  k*l  ,  the  second  at  k:3  f  and  the  last  at  k*?h-l 
Thus,  substitution  of  eq.  (B.22)  Into  eq.  (B.6)  yields: 


’ .  I  r. 1  '‘c1  n"> 

where  the  following  relationships  have  been  employed: 


(B.23) 


Z  (os(%0<-0)  ~  t  cos(k  ?)  - 


*«»(3,~<A.  -0 


1  for  h- 1 

0  for 


Z  Sih(£(k-I))  s  2l  Sin(k  if)  ~  C 
3,  *  *(?*-(>  **• 


(B.24) 


(B.25) 


and  the  case  of  n-1  has  been  ignored  as  being  of  no  Interest.  The  first  south 
pole  Is  at  k=2,  the  second  at  k-4  and  the  last  at  k=2n.  Then,  from  eq.  (B.22) 
and  (B.6): 


i  =  2.  Jf  ~  nns 

*  C  * 


(B.26) 


Therefore,  and  eq.  (B.9)  yields: 


(3.27) 
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Having  aatabliahad  tha  oof  across  Che  pole  airgaps,  the  flux  density  By  at 
the  J'th  stator  tooth  of  the  k'tb  pole  becoaea: 


.  .a,  aJ> 

A,*,,  2».Kj 


-  B, fl+£ «s(S(H)+ J+jj -a)] 


0.28) 


where: 


(B.29) 


B#  la  the  average  flux  density.  The  force  acting  on  the  stator  tooth  has  an 
x-coapon«nt  and  a  y-cooponent  which  are  determined  by: 


Ov)*;  ]  [  Cos($(k-l)  +  &+fc) 

?a54i  Vi 

(fif),,- 1  I  sih(((k-ih£+fj) 

where,  from  eq.  (B.28): 

By  *  co$(I(k  -O+S+fr- oO] 

*  c  Bi fC+2xcos (*(M)+£+)j)+2* s.n(f(Hh£-^)] 


(B.30) 


(B.31) 


x  end  y  are  the  rotor  displacements  from  eq.  (B.13).  Substituting  eq.  (B.31)  Into 
eq.  (B.30)  there  will  appear  the  following  products: 

cof(%(lH) +&'*}/)  -  zf bcos2(f(H)+£+fr)] 

Sfo*(J(l(~l)-*£  +  fo)  -{[  hcos  l(T(lc-l)+?h+fo)  ]  (B.32) 

Cos(J(k‘lfr&+fr)s!>i  (fTfH)+£*|y)  =  1  Sin  2(l(k-lh£+fr) 

So w,  tha  total  magnetic  force  components  are  given  by: 
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The  following  relationships  hold  true: 


In 

Z  c o 5 

f* 

for 

if  • 

1  0 

for  >1^2 

In 

Z  S in  (?(*-<))  =  0 

ksi 


(B.34) 


(B.35) 


If  these  relationships  are  used  together  with  the  similar  ones  of  eqs.  (B.24) 
and  (£.25),  substitution  of  eq.  (B.31)  into  (B.3Q)  and  summing  according  to 
eq.  (B.33)  yields: 


Fx  =  0  ^  1 1  =  5 


(B.36) 


r-  _  7)  l?^ArBp 

F1  C 


(B.37) 


It  Is  seen  that  the  forces  are  purely  static  and  are  not  dependent  on  time.  Thus, 
the  magnetic  forces  for  a  heteropolar  generator  with  no  load  do  not  cause  the 
rotor  to  whirl.  However,  they  do  contribute  a  negative  stiffness: 


<3,  -  Q 


2hnsA- r80 

C 


(B- 38) 


which  must  be  taken  into  account  if  the  unbalance  response  of  the  rotor  is 
calculated  or  the  hydrodynamic  whirl  instability  is  being  checked.  Of  course. 
If  Qt  exceeds  the  combined  bearing  stiffness,  the  rotor  is  statically 
unstable. 
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s 

|  APPENDIX  III:Magnetlc  Forces  of  a  Two-Coil  Luodell  Generator 

f  A  two-coii  Lundell  generator  is  shown  schematically  in  Figure  3.  There  are  two 

i 

i  field  colls  in  this  generator,  one  on  each  side  of  the  central  plane  which  contains 

the  northpoles.  The  magnetic  flux  path  goes  from  the  northpoles  of  the  rotor 
(Fig.  3a)  through  the  stator  to  the  southpoles  of  the  rotor  (see  Fig.  an<* 
then  through  the  cylindrical  air  gaps  g^  and  g^  (Fig.  3b),  the  stationary  pieces 
on  which  the  field  coils  are  wound,  the  conical  airgaps  g ^  and  g^  and  back  to 
Che  northpoles  of  the  rotor.  The  magnetic  circuit  is  shown  diagrammatlcally 
in  Fig.  10.  The  reluctances  of  the  airgaps  g^ ,  gj,  g^  and  g^  are  respectively 
represented  by  X,  f  j  $$  and  $4  .  Each  field  winding  produces  an  m.m.f. 
of  .  T.et  there  be  n  north  poles  and  n  south  poles,  and  let  and  be  the 

total  reluctances  of  the  airgaps  of  the  north  poles  and  the  south  poles,  re¬ 
spectively.  From  the  magnetic  circuit  shown  in  Fig.  10  we  have: 

V  f( $v+0ts)+f,  («,*«,) 

f,  (<R,+  Rt)  - 


% 

(c.ix 

% 

\ 

(0.2*  * 
(C.3) 


Figure  9 

Expanded  view  of  outer 
surface  of  rotor. 
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Figure  11 

Sectidh  "R-R"  of  Fig.  3b 


Figure  12 

Section  "C-C"  of  Fig.  3b 


(C.4) 


Solving  Ch«  above  three  aquations  for  t  (pj  and  f  ,  we  obtain: 


«  ,  ^if^i _ _ 3jr 

”  V*4  ’  («,+*,)+ (^  +  l)(V«i) 


(C.3) 


(C.6) 


To  calculata  tha  raluctanca,  &,  ,  of  tha  alrgap  ,  lat  ua  consider  tha  alrgap  as 

infinitely  many  reluctances  connected  in  parallel.  Thus,  referring  to  Figure  11, 


we  have: 


Ir2T 

juLrdp 

where: h^-fila  thickness  of  alrgap  g^«  Cj  f  1+  €,&$(&-&,)] 


(C.7) 


-«=  c, 


(C.8) 


L^-axlal  length  of  alrgap  g^ 

e^  and  are  the  eccentricity  and  the  mean  film  thickness  of  alrgap  g^, 
r  Is  the  mean  radius  of  the  cylindrical  alrgap 


Substituting  eq.  (C.8)  into  (C.7)  and  neglecting  terms  of  the  order  £,  : 


f  r  - 

yuL  ,2/Tr 


(C.9) 
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*lrS*p  g^  hut  the  reluctance: 


^  1 .4*<  ,*t: ,' ;  $ 


/*L#2?ir 

*°d  for  the  conical  airgapa  g2  and  g^, 

C, 


(C.10) 


^juLti1TF 


C< 

*4'/<Lt2K? 


(C.ll) 


(C.12) 


whare  r  -  arithmetic  mean  radius.  In  general,  because  of  manufacturing 
tolerances : 


c,*c} 


c2*c 


(C.13) 


Let 


Wk  be  the  reluctance  of  the  airgap  at  the  fc'ch  north  pole: 


Similarly, 


where : 


Now: 


^r*  =  /.As  ff~  *<«(%, +<ot-<)  ] 


=  Wlk-O+g 


t =' 


^”[becos(cot-<)]  hr 


ft-l 


,/4^W 


By  the  same  procedure: 


for  n£2 


CC.14) 


(C.15) 


(C.16) 


(C.17) 


*5  =  < 


f  ^f[l+£co$(cot+7r-*)]  hr 


.=  f 


fo**  ni2 


(C.18) 
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From  here  on,  vo  uium  that  tha  generator  haa  at  laaat  two  pairs  of  polaa. 
Thus  for  n  ^  It 


(C.19) 


So  far,  we  hava  obtalnad  j  and  ^4  (Eqa.  (C.9)  to  (C.12),  and 

and  $$  (Eq.  (C.19)).  Henca  for  a  glvan  fiald  a.a.f.  wa  can  calcolata  (ft , 
and  f  fron  Eqa.  (C.4)  to  (C.6).  The  magnetic  flux  through  tha  Individual  north 
and  southpolaa  can  ba  axpreaaad  by! 


& 


'Wr 


r 


(C.20) 


(C.21) 


Doing  eqa.  (C.14)  and  (C. 15) ,  and  for  small  t  ,  we  obtain: 

fta"  h  [l+fc°s(e»k +*>*-<)]  m2  (C.22) 

(pSk  3  £  f/  +  £  co$(eSk+6,t-d)]  h*2  (C.23) 

The  x  and  y  components  of  the  magnetic  force  are: 

jT  IS  ^  ^  ^  ^ 

A*  (f )  Z  f )+  ZfCosfan+a-dl CoS^+tot)  (C.24) 

*  .  j  s 

^  F|4?f  (C.25) 
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Ualng  ths  relationships: 


I  4r  Kti 
0  (or  nil 


l  us (¥<*-»)  - 1 


i  *'»(?( k-0)  =0 

ni 

£c„(<Tm)  Jz 

•r»»  _ 

,,  \0  (or  h-3 

Z  S'm(f(k-D)  -0 


eq»  (C.24)  is  readily  reduced  to 

^  ”  £  (h  )  &S  (Gf/k+6>t-tt)  CosCo, 

A N  ih)  ^  [ fi3S (?©#* -f  2 Cot ~d)  ■+  CoS <4 j 

=  £  ($)c  EjtoS*  •+{coSct  Cos(?Oit)+s;»'A  Sih(?U))  0>$(?6„k)f 


Hi  f; 


(C.26) 


CC.27) 


Thus, 


^A/X  “ 


Similarly, 


I 

iff/  2c[ct$*(h<%(?tf))  +  si»*-Si»fot)]  hr  Hc2 


(C.28) 


"JUS)*** 


*£3 


FWx  =  ** 


A,/  ff)  ?£  [<0Sd  fih&ejt)-+  5ihd(l-Cos(?ejt))]  hr  h-2 

a  /  a 


(C.29) 


"M  f,r  in  .  .  (c'29> 

pJ  l  (If  2e  [coS<i(l-Cos(?Cot))-Sfh<i-Si'»(?Cot)]  for  t\*2  (c  30) 

■  *Aj(?)*£C0W  ^  »*3 

/:  =.  (?)*?£ +5/nd (hcostfcot)]  fit  h-2  (c#31) 

h  I.  (nh*if*  for  hi! 
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Thu*,  it  la  a««n  that  for  generator*  with  at  laaat  thraa  palra  of  polaa,  tha 
■agnatic  forcaa  dua  to  tha  north  and  aouth  polaa  ara  time- independent.  For  n  •  2, 
tha  aagnatlc  forcaa  ara  function*  of  tlaa  aa  indicated  by  tha  above  aquation* ,  if 
Ag.  If,  hovavar,  -  Ag  and  (n«2),  than  tha  tiaa-dependent  parta  of’  tha 
north  and  aouthpolea  cancel  with  each  other,  and  tha  reaultant  (  fvn,  +  and 

(  )  ara  again  time-independent. 

If  tha  diaplacementa  of  tha  rotor  center  are  x  and  y,  it  ia  aaan  from  Fig.  1 2  and  ao 
on  that: 

XsfCOScts  CtCoid 
If  *  e  Sind  9  sihd 
Furtharmora,  introduce  tha  flux  danaitiaa: 


Then  aqa.  (C.28)to  (C.31)  can  ba  written: 


2  q  [x( I +cos(2cot))  -f  if  sin  (?*-*)] 

x  for  n*3 


2 Q  f x  s!n (2uti)  4  ^  . coS(2eot))] 


n  Ah  Bm 


for  »--3 

[x(hcostfcot)) -if  sih(?eot)] 


a 


tor  n=3 


■w 

2Q  [-X  sin  (?tot)  +if(l+Cos(?&jt))] 

fjQ'SJklf  for  n=3 


for  h~2 

for  h*? 

for  n-2 

for  h=2 


(C.32) 

(C.33) 

(C.34) 

(C.35) 


Theae  reaulta  are  Identical  to  the  reaults  obtained  for  the  homopolar  generator 
in  Appendix  I  where  It  ia  ahovn  how  they  are  uaed  In  the  atablllty  and  the 
reaponae  calculationa. 


Magnetic  fore—  at  Cylindrical  Alrgap  g^ 

The  total  magnetic  flux  through  the  airgep  g^  ia  |1  ,  (aee  Fig.  10  )  and  the  total 
reluctance  ia  ;  they  are  reepectively  given  by  eqa.  (C.4)  and  (C.9).  If  we 
uaa  the  concept  of  permeance  which  ia  the  inveraa  of  reluctance,  then: 

p.l  .  mUEc. 

For  a  differential  element  tdo  ,  the  permeance  ie: 

.p - 

Let  the  flux  pasaing  through  rdd  be  d  (ft  .  Then,  from  the  magnetic  circuit: 

JP,  ~  P,  '  /*L,21Tr 


(C.36) 


or 


<*<!,-  ~  fe"'-  ft  J* 


Let  8 |  be  the  flux  density: 


p  ,  -T' 

'  L,rd©  L,2tr 


(C.38) 


(C.39) 


Thus,  the  x-component  of  the  magnetic  forces  is: 

-  f2X  -  (*T  1 

F{y(  ~  G  b*Co$6  Ltrdd  -  Q  [  bh,Cos(9~d,)lc»S9  do 

'  'o 


m  Q  Ml 
w  L ,  27Tr 


Co5o(  -  £ 


flf 

2TTrLiC(  *• 


(C.40) 
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Similarly,  Che  y-componant  las 

Sr^l,  8?si'wi-< r*“®  ifwr 


where 

^-e,fos«<(  *  facts* t, 
t*,*e,siiHt,-C,e,sih  <*, 

Magnetic  Forces  at  Conical  Alrgap 


The  geometry  of  the  conical  alrgap  la  shown  In  the  diagram  below. 


Figure  13:  Geometry  of  Conical  Alrgap 


for  a  small  element 


,  dz 

^iewT 


),  the  permeance  is: 


M  $>  do  ^7/<osS 


(C.41) 


(C.42) 


(C.43) 


(C.44) 


-  SO  - 


The  aubacrlpt  "2"  Xa  for  alrgap  g^.  Froa  th«  aagnetlc  circuit,  tha  flux  through 
the  mall  element  la 


ML  .  JL 

dfk 


(C.45) 


where  (fe  ~  ft  (aee  Fig.  10) 


p  -  X 
and  '2  “ 


(use  aq.  (C.ll)) 


Thus  ,  . 

Ri,(ka  d"‘si,1  *  ’  ujir?  r,+  £t<<*fe-*i>l  <c.w 

The  corresponding  x-component  of  the  magnetic  force  becomes: 

{  KCo*0  ? <*9  Cost  =  )  [MCiCosfo-djlcoseJezianSdz 

0  /  (?<  f  0  V* 

=  Q  (l  21i?>  2ft7»Vo$c<,fan<f  J  Zc iz  (C.47 

*  % 


(C.47) 


Bkt  :  iantf  ^2Jz  «  I  fo+Z,  )(?,-£,)  3(t«h<f)  {(z^Z,)^  CosS 3  FLj&sJ 

hi>*  p.  *  .  r 

^2*  Lt2Tr  SzC05*<c*«t  -  0  2ifFLtCt  xz  (C.48 


Similarly, 


r  sJL  r  r 

,  '  C  i.,2ffr  £ic«‘*S'<’«t  ‘  0  nrrLtC, 


(C.49) 


where : 


*?  -  Q 

^2  r  ^2  CZ  5  m«<2 

For  gap  "3"  and  gap  "4",  we  have  by  the  same  procedure. 


(C.50) 


ymaxaemmmmrn  »u, 


^  L,2fr  €*C0S*i  ~  Q  2TCrL,C 3  ** 


L,2Tr  ^  2Tr*c,  ^ 

F4»=®  l$?  <nS  «*"*  '  ®  £l%  *• 

V®  ijk  ^  f»  s,'"‘l<  =  ®  1,4 


(C.J1) 


(C.52) 


(C.53) 


(C.54) 


Thus,  the  force*  to  can  be  represented  by  simple  negative  springs  in 
the  rotor  response  and  rotor  stability  calculations. 
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APPENDIX  IV:  FIELD  DUfc  TO  ARMATURE  REACTION  OF  A  THREB-PFASE  WINDING 


In  this  appendix  the  magnetic  field  produced  by  the  armature  reaction  will  be 
studied.  Consider  Fig.  14  where  the  poles  of  the  rotor  move  to  the  right: 


Cohfi  juration 

ofimTe  t-0 

5 

.4 

5 

This  figure  shows  the  rotor-stator  position,  the  armature  current  directions  and 

the  Instantaneous  armature  mnf  at  time  t*>0.  The  convention  for  current  directions 

are:  ©  means  "into  the  paper"  and  ©  means  "out  of  the  paper".  To  a* rive  at 

Figure  D.l,  assume  that  the  alrgaps  at  all  the  poles  are  the  same.  With  2n 

•jr 

poles  (n  north  poles  and  n  south  poles) ,  the  pole  spacing  becomes  whereby 

the  flux  passing  through  the  armature  coils  is: 


for 

coil  "a" 

M 

p 

(D.l) 

for 

coil  "b" 

%  -  ‘  1 

(D.2) 

£sx. 

coil  "c" 

(Pc  v  ife:(nU~¥} 

(D.3) 
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where: 


t«fT  .  -/ 

and  all  tha  (,t  j  ara  complex  numbers.  Tha  convent  ion  la  that  only  tha  raal 
part  appliaa.  To  illustrate,  aasuma  that  tha  flux  $  la  generated  solely  by 
tha  flald  colls.  Than  p  la  raal  (l.a.  thera  is  no  phase  shift  batwaan  tha 
rotor  motion  and  tha  flux)  and  aqa.  (D.l)to  (D.3)  can  ba  written  as: 

4e{  i  -  <p  fiefi((6s0vut)i’is!n(ntot)J  --If  Sfafmof), 

=  feef  if  =— <p  Sinfat-  f)  <D,4) 

3  -  -  f  Sin(htot-^f) 

Under  load  (p  will  lag  tha  rotor  motion  as  discussed  later  In  which  case  a 
phase  angle  is  introduced  In  aqs.  (D.4). 


Let  each  armature  coll  have  turns.  Tha  tha  induced  voltage  is 


•for  Coil 

_v 

~h cuNA<p 

Ck  -  heoNA  f  f"  ^ 

(D.5) 

for  coil 

_V 

(D.6) 

for  Coil 

ee  -s  h coNa  <p  ^ 

(D.7) 

where  the  exponential 

e±atot  jjeen  ieft  out  for  simplification. 

This  will 

also  be  dona  In  tha  following  but  It  must  always  be  recalled  tha.t  properly 
this  factor  belongs  In  the  equations. 

Tha  corresponding  armature  currents  are: 

,  m  k  •  Ca  hCu  NA  a 

hr  c ml.  1&  *=j^  ~  f  (d.8) 
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and  similarly  for  th«  other  two  coils,  wfasrs  Z4  is  the  impedance  of  the  output 
circuit.  Sotting  t-0  in  tho  above  Aquations  and  using  the  right  hand  ruia,  "  ' 
tha  currant  directions  in  the  armature  conductors  coma  out  as  shown  in 
Figure  14.  The  corresponding  mof  of  the  armature  coils  (the  armature  reaction) 
is  found  as: 

fa-  ail  v  iw»K«  N*  <» *  gj*  f  '  »,»  ... 


and  similarly  for  coils  "b"  and  "c".  Hence,  at  time  t-0  the  armature  mmf's 
are  distributed  around  the  circumference  of  the  stator  as  a  function  of  the 
angular  coordinate  6  as  shown  in  Figure  2.4*  if  they  be  represented  by  their 
fundamental  harmonics  instead  of  the  "rectangular  waves"  shown  in  Figure  14  h 
the  oaf's  of  the  three  phases  become: 


for  pfcasc  V 

\  Cos(hei) 

(D.10) 

for  pbaJC  "t** 

J-  (os(n0~ 

(D.ll) 

for  p<M5C  V* 

'J’c’t  •*»*•»£  (oS 

(D.12) 

4  v 

where  the  factor  jj-  derives  from  taking  the  first  harmonic  of  a  rectangular 

wave.  Here  the  origin  for  the  angle  6  is  between  two  poles  at  t-0  as  shown 

in  Figure  14. 


To  find  the  total  armature  mmf,  ^  J  the  oanf's  of  the  three  phases  must  be  added: 

=  *  ie  -  ?)  *  C*. Cos  (he  -  f)  }e‘w 

A 


(D.13) 


This  represents  a  wave  travelling  synchronous  with  the  rotor. 

Let  the  load  be  balanced  and  let  the  effective  value  or  ammeter  value  of  the 
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currant  par  phase  b«  .  Than,  txcm  tq,  (0.1) i 

r  a  HsL  - 

V  IT  fF 


i .  ‘  .  '"X 

>  li 

(0.14) 


Similarly,  let  tha  affective  value  or  voltmeter  value  of  tha  llna  voltage  par 
phaaa  ba  fo  that  froa  aq.  (D.S): 


c -M 

*A-  H 


naNi 


fl 


*•191 


(B.15) 


Introduce  tha  povar  factor  angle  If/ : 

paw er  factor  »  Cos  f  -  j  ^  j 


I?,  I 


(0.16) 


which  means: 


i=iti 


(0.17) 


Tha  phyaical  interpretation  of  tha  povar  factor  angle  Iff  can  be  obtained  by 
substituting  eq.  (D.17)  into  eq.  (D.8): 

®-18> 

or.  In  other  words gives  tha  phase  angle  by  which  the  armature  current  lags 
the  voltage. 


Nest,  introduce  the  power  angle  S  by  the  equations: 


Cost  = 

If  I 


SiftS  - 


-JdsL 

if  i 


or: 


(D.19) 


(D.20) 
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Hence,  6  gives  the  angle  by  which  '’.ha  flux  lags  the  rotor  rotation.  It  la 
called  the  power  angle  since  it  la  the  angle  the  rotor  must  pull  ahead  of .the  . 
resultant  magnetic  field  to  supply  the  required  load.  The  angle  can  be  measured 
actually  on  the  generator  by  means  of  a  stroboscope.  If  the  physical  angle 
is  measured  as  <$'  ,  than: 

(D.21) 

since  the  electrical  frequency  is  n  times  greater  than  the  mechanical  rotational 
frequency. 

In  order  to  understand  the  relationship  between  the  armature  oaf  and  the  alrgap 
flux  <p  ,  it  is  useful  to  consider  the  pkasor  diagram  of  the  alternator  where 
each  of  the  above  quantities  are  taken  as  vectors  rotating  with  the  angular  speed 
(nil  ).  Comparing  eqs.  (D.l)  and  (D.5)  it  is  seen  that  the  line  voltage  lags 
the  flux  Ip  by  90  degrees.  The  total  mmf, 5  ,  required  to  produce  this  flux  is, 
of  course,  in  phase  with  the  flux.  The  armature  reaction,  ,  is  in  phase 
with  the  armature  current  (eq.  (D.9))  which,  as  discussed  above,  lags  the 
line  voltage  by  the  power  factor  angle  Tj/ : 


Figure  15:  Phasor  Diagram 
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I 

The  total  mat,  y  ,  1 a  the  roc  ter  sum  of  tha  field  u mf,  Hf  ,  and  th«  armature 
reaction: 


7*  V>a 


(0.22) 


Thus,  to  offset  5^  and  Mat  tha  required  total  taf,  tha  fiald  Mf,  ^  ,  must 
lead  tha  flux  f  .  Tha  laad  angla  ia  tha  power  angle  6  aa  discussed  abova . 

To  axpraaa  tha  armature  raactlon  ^  ,  aubatltuta  aqa.  (D.17)  and  (D.20)  Into 
aq.  (D.13): 


(D.23) 


or  by  introducing  tha  affactlra  valua  of  tha  armatura  current,  XA  ,  from 
aq.  (D.14): 


A/a  Ta  Cci(h(uit-d)-f-6) 


(D.24) 


In  practice,  windings  ara  fractionally  pitched  and  dlatributed  to  provide  better 
daalgn  (efficiency,  wave  form  and  winding  configuration).  This  produces  a 
spatial  phase  angle  between  the  conductors  of  a  given  coil  (or  winding)  so 
Chat  the  maf  per  phase  ia  reduced  slightly  from  the  value  It  would  have  for  a 
concentrated,  full  pitch  winding.  Hence,  aq.  (D.24)  is  modified  to: 


\  =  W  Kt  K  h 


(D.25) 


where 


KA  5  distribution  factor  (tCj-l) 

(D.26) 

Kp  -  pitch  factor  (kf  -  / ) 

(D.27) 
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fQ  *  1  for  ft  C'meantratad  winding  cod  may  be  taken  as  0»%  tot  1 

distributed  winding.  Kf*1  for  a  fall  pitch  winding  and  for  a  5/6 

fitch  winding. 

....  -  ■>  -  ' 

The  armature  reaction  can  be  decomposed  into  a  da-magnetising  component  3^  In 
Una  with  tha  field  amf ,  3f  ,  and  a  cross-magnetising  component  3^  lagging 
^  by  90  degrees.  From  eq.  (0.25): 

V  fk4k,NA  ^ a  V* 

Lt. 

^  IA  CoS  (y+S)-(0S  (h  (lol-e)) 

~  kf  tyl/*  S/*i  ty+6)’iih  (hfot-o)) 
or: 

I5., I  *  fsfy+<r)=  ^ ff.  Mtb 

l?A.b  KiKMTtSiHiYtf) 

as  readily  seen  from  the  phasor  diagram  in  Figure  0.2. 


With  these  results,  the  circumferential  distribution  of  oof  can  be  shown 
schematically  as  (see  also  Figure  14): 


(D.31) 

(0.32) 


(0.28) 

(0.29) 

(0.30) 
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Tha  total  field  mf  la  distributed  eaealy  aaong  tba  poles  such  that  the  field 
contributes  f  to  aacb  pole  alrsap  (aaa  Appandis  l)>  Ihla  fiald  follows 
tha  rotor  In  ita  rotation.  Thua,  If  inataad  aa  in  tha  forasolnt  whara  tha  ara> 
atura  raaction  haa  baas  expressed  aa  a  function  of  tha  stationary  coordinate  6  , 
it  la  inataad  "seen"  iron  tha  rotor,  tha  angular  coordinate  V  »  flaed  in  tha 
rotor  bacoaaa  (aaa  Figure  16  )i 

.  >1 

y+J  -  e-tuf  (d.33) 

auch  that  aqa.  (D.29)  and  (0.30)  yield: 

35**  -fyjl  Sfcfy)  (0.36) 

S  "  I  I  (D.35) 

whara  |3j^J  and  are  given  by  aqa.  (0.31)  and  (0.32).  It  is  aeon 

that  tha  de-aagnatlting  component,  aa  tha  n ana  implies,  opposes  tha  fiald 
■wf  except  for  tha  unlikely  case  where  (T^+c  0  . 


90 


generator  Load 


In  Appendix  z  eh*  magnetic  fore**  of  •  homo polar  generator  operating  undar  no 
load  have  been  derived.  In  thia  appendix  the  effect  of  load  will  be  investigated. 

In  Appendix  IV  it  is  shown  that  the  amf  across  the  alrgap  at  any  pole  is  made  up 
of  three  components:  {  ify  (  3^  is  the  wf  of  the  single  field  coll),  the 
da-magne tiling  component  3a<j  and  the  cross-magnetising  component  3^  , 

where  the  latter  two  components  make  up  the  armature  reaction  (see  Figure  16 
Appendix  IV).  Thus,  with  the  angular  coordinate  ^  fixed  in  the  rotor 
and  measured  from  a  pole  centerline,  the  alrgap  mmf  at  the  north  poles  and  at  the 
southpoles  can  be  written: 

3^  -  ~  l  h  [  1”  If  SiftOij)]  (2.1) 


(2.2) 

(2.3) 


Consider  first  the  north  poles.  There  are  n  northpoles  and  the  alrgap  <it  the 
k'th  pole  becomes: 

hWk  -  c [  I-  e  fas.M-d  +  2? M+j)]  (2.4) 

where  6J  is  the  angular  speed,  C  the  radial  clearance,  A  is  the  attitude  angle 
and  €  is  the  eccentricity  ratio.  The  equation  is  derived  in  Appendix  I, 
aq.  (A.  11),  the  only  difference  being  the  inclusion  of  the  angle  ^  to  take 
into  account  the  variation  in  alrgap  along  the  pole  face.  The  rotor  displacement 


where : 

(r  rt4*"  ir  tF  »!•(**) 

(sae  aqs.  (D.31)  and  (D.32),  and  eqs.  (D.34)  and  (D.35))* 


In  eh«  plan*  of  th«  northpolea  are: 

Xn*Cc<05^ 

ljN  3  Cfftnci 

Tha  flux  dcnalc y  la  given  by: 


(oil* >)Wt#»fy)I 


(*.3) 


<B.6) 


vbara: 


-^*jL 

2C 


<*.?) 


Bg  represents  the  average  flux  density  if  there  ia  no  generator  load  (see  eq.  (A. 31), 
Appendix  I). 

When  the  pole  length  la  /  ,  the  radiua  of  the  pole  face.:  la  r,  and  the  pole  extends 
over  an  angle  j5  ,  the  radial  force  pulling  on  the  rotor  at  the  krth  pole  becomes: 

-  r*  : 

radial  force  -  0  r  l  j  5W(t  (E.8) 


where  Q  ia  a  numerical  conversion  factor*  The  corresponding  x  and  y  components 
of  the  force  are: 


(fJk)  f?  ,  osM  +  ^M  4j) 

Qrt  \  B*  djf 

(F^J  -  *!  |s;n(wt*?(H)^)  J 


(B.9) 


Since  the  eccentricity  ratio  6^^  1  t  ccn  be  found  from  eqs.  (E.6)  and 


(E.5). as: 


where: 


f  Cts(nj)~?fjS+(tybj ({f-tfcesfoyh-fj (f  fg.ii) 


For  simplification,  set: 

Oj-  Cotf  (k-l) 

Then,  by  substitution  of  eq.  (E.10)  into  eq.  (E.9): 


^VlA 


,=5  C  I  j  Mr®; 

if-'  l  [s*6yj)+Xw  Sm2(^)tifN(n*s2^))]J 


12) 


The  total  forces  acting  on  the  rotor  in  the  plane  of  the  north  poles  are: 

fLv  -  £  OU 


Wx 


Aa  shown  in  Appendix  1: 

EcosCl*?)  r  Z  Sin(k2/)  ~  £sih(k  T?)  -0 


(E.13) 


k?1 


k*i 


1  ,«  i  2  fir  h=2 

Z  =  j 

**'  {  C  for  **3 


(E.14) 


(E.15) 


Hence : 

n  o 

Z.  CoS'*)  -  Z  Sin*]  -  0 

tfr,  '  k*.  1 

A  J2(os(2cot)  for  h-2 

Zcosl*)  r|  0  (or  hi3 

<3-  |  2  sin(?Cot)  for  h-2 

L  sine*  -  j 

tr»i  '  (  0  for  ^3 
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(E.16) 

(E.17) 

XB.18) 


Therefore,  for  n-2  eq.  (S.12)  may  ba  awed  to  give: 


t 


F», 


CE.19) 


Substituting  from  eq.  (E.ll),  the  following  intagrale  can  be  evaluated: 

VPH (osOif) - tyfotyf  "  (l+tfj 

M 

X, 2|^T/-^f4»^)  -{} oj  M  (j)si»/i+t (e. 

I2=~|  [l-fj«X&[)-(fSin(2j)l Si fiyJf  -  ^  (p~iSin2p)  +  i  (t  Sirtty-iihfi) 


(E.20) 


(E.21) 


(E.22) 


In  total,  eq.  (E.19)  then  becomes: 


for  n»2 

a*  j  r 

Fn,-?(3  c~  |( VI,  *  r, s,»(M)K  +  (~h ftsM+I, 5i»fo%  1 

F  *?fl  [(-ItMltU)*I,s:MlJ))x„ ■*(!,- r,f«0W)-l,6»Bnfl)i(N] 

for  n-3 


(E.23) 

(E.24) 

(E.25) 

(E.26) 
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In  the  cm*  where  the  angular  extension  jS  of  the  pole  Is  sufficiently  email  that 
Sln^/3  end  Sin(hfi)5hji  eqs.  (S.20)  to  (1.22)  reduce  to: 

T  ^  I,*!, ‘fiO-lf 

(1.27) 


r,=o 


whereby  eqa.  (B.23)  to  (E.26)  become: 


for  n-2 

-  2Q  ^  [*N(lHos(?Cot))  +tjN  SiV» 

FNIj  »  ZQ  "o' (l-fj |)  ] 

for  na3 


(1.28) 

(E.29) 

(E.30) 

(E.31) 


where  A  -  Irfl  la  the  pole  area.  These  equations  are  the  same  as  for  the  no- 
load  case  investigated  In  Appendix  I  except  for  the  factor  (  I— £ )*  .  In 

Appendix  I  is  also  given  the  Information  on  preparing  the  corresponding  Input  for 
the  rotor  stability  and  the  rotor  response  programs. 


Comparing  eqs.  (E.28)  to  (E.31)  with  eqs.  (A.32)  to  (A.35)  in  Appendix  I.  it  is 
seen  that  the  armature  reaction  reduces  the  magnetic  forces  but  has  no  other  effect. 
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In  Appendix  II, the  magnetic  forces  of  e.  heteropolsr  generator  have  been  derived 
for  the  case  of  no  load  on  the  generator.  In  the  case  where  the  generator  la 
loaded,  there  will  be  an  armature  reaction  in  fora  of  a  reverse  flux  set  up 
by  the  current  in  the  armature  colls.  This  reverse  flux  modifies  the  flux  due 
to  the  field  colls  and,  hance,  modifies  the  magnetic  forces. 

The  generator  is  shown  schematically  in  Fig.  2.  Consider  first  the  k'th  pole  of 


Figure  17:  Windings  of  the  k'th  Pole  of  the  Generator 
The  coil  has  two  windings  per  pole  as  shown.  The  flux  generated  by  the  field 
coils  passes  the  pole  through  the  two  windings  such  that  the  flux  through  one 
winding  la  fit,  and  the  other  winding  .  If  there  are  nf  rotor  teeth  in  total, 
then  the  two  flux  components  become: 


(F.l) 

% k  r  $  [l~c<>s(yt)] 

(F.2) 

v  *  ntco 

(F.3) 
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■; f .  *  *  p;  •:  ■yr'wy;”  #j '' 


thus  the  electric  frequency  af  the  single  phase  output  voltage  ia’  '  : 

Let  tha  generator  ba  connected  Co  an  output  circuit  with  impedance  ZA  < 

With  n  north  pole*  and  n  south  polaa  tha  circuit  diagram  la  than: 


fa  fa 


2A 

^vvwwv — !L^nwHI- 


Tha  currant  produced  in  tha  circuit  ia  i^  which  la  determined  from: 


+  ^  f  2^  ~  I =0 


(F.4) 


where  is  the  number  of  turns  of  one  winding  of  an  armature  coll. 

Tha  reluctances  of  the  air gaps  at  the  k'th  pole  are  and  respectively. 
They  are  given  by  (see  Appendix  n) ; 


where: 


4*’  0+  fos(>t))  [  P  +  £  -  H„)  ] 
4*  *  (l-to(vt))[P+£fck+Hk)] 


(F.5) 

(F.6) 


-  y2cr +  J-*)  Z" 

j-i 

Sin(f(H)+£-d)  fsih  (tfj-Ofor) 


(F.7) 

(F.8) 

(F.9) 


where  A^  is  the  area  of  a  stator  tooth,  ^4  is  the  permeability  of  air,  C  ia  the 
radial  alrga?,  n  is  the  number  of  north  poles  (■  number  of  south  poles). 


-  98  - 


C  la  tbs  eccentricity  ratio  of  tha  rotor  with  raapact  to  the  stator  and  k’ 
is  tbs  corresponding  attituda  angle.  Furthemora,  there  ara  2 stator  teeth  “ 

par  pole.  '  '  ;  '  '  '  :v -  - / 

Whan  tba  amf  across  tha  airgap  it  f,  tha  flux  for  tha  two  sac t Ions  of  tha  k* th 
pola  becomes:  '  p- ■ 


*0+<*(vt))[P+e(G,-H,)]* 
*  (f-«i(vt))fP+e(S,+H,)]f 


(f .10) 

(F.ll) 


wharaby: 

Z» 


f  ( 5t*  ■  Ht*)  ’ 2  it  (£ 


The  following  Identities  /old  true: 

-o 

k*i 


£  5i’o  f?  k)  =  0 


«*• 

from  which  follows: 

t*  7" 


I s„  *Zn„--0 


(F.12) 


(P.13) 


(F.14) 


i.e. : 


T ( “  *$?)  *  4* P  A ( Wvtj) 

k*l 


(F.15) 


The  mmf  across  a  winding  of  an  armature  coil  is  N^i^  which  can  be  found  from 
eq.  (F.4)  by  substitution  from  eq.  (F.15): 


t\  =  —  ^  4h  p  i|  (Wvtf) 


(F.16) 
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Sine*  this  oaf  Is  independent  of  rotor  eccentricity,  the  oaf  setose  sll  poles 
will  be  the  sene  end  equal  to  {  3^  per  pole  where  ^  is  the  mf  of  *  field  coll 
(see  Appendix  u) .  Thus,  the  mf  across  the  k'th  pole  cen  be  expressed  in  tense 


of  its  components : 


Figure  18 

The  Hagnetic  Circuit 
for  the  k'th  pole 


5t*fer 


H 


i  ^  r  Na<a  +  9  iA  4  ^  *-^|/^<f.17> 


Consider  next  the  k'th  field  coll,  located  between  the  (k-l)'th  and  the  k'th 
pole.  The  coil  has  turns  with  a  flux  ^  passing  through  it.  The  field 
coll  circuit  has  an  impressed  d.c.  voltage  E^,  an  Impedance  and  a 

current  i^.  Hence,  the  equation  for  the  field  coil  is: 


(F.18) 


from  which  the  mmf  of  the  field  coil  becomes: 


n  -  M  ;  -  Ni  C  —  £U 
Tf-Wftf-fykf  if  it 


where  Rf  is  the  resistance  of  the  field  coil  circuit. 


(F.19) 


The  total  flux  through  the  k'th  pole  is  (  (f^  ■+  (fn  ).  Since  the  flux 
^  from  each  field  coil  passes  through  two  poles,  a  summation  over  all  field 
colls  and  all  poles  yields : 

f  H  (F.2C) 

krt 


lr»* 


Hence,  summing  eq.  (F.19)  from  k-1  to  k-2n,  the  result  becomes: 

2hJ<z?n^£f~^  i  * 


(F.21) 
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ori 


’  1  Cl. 22) 

Subs tl tut a  for  fa  and  fa  froa  aqa.  (7.10)  and  (f.U)i 

,  J  .  '  i!- . .  ’*l 

or  making  uaa  of  aq.  (F.14)i 

.  ...*  ' 

(7.23) 

wheraby  aq.  (F.22)  becomes i 

m 

z* 

1 

*o 

(7.24) 

Iquata  aqa.  (7.17)  and  (7.24)  Co  gat! 

(7.23) 

which  la  a  flrat  ordar,  ordinary  dlffarantlal  aquation  in  tha  variable  f.  if 

Z,  and  ara  pura  raalataneaa,  tbla  aquation  haa  a  cloaad  fora  solution  which 

hovavar,  la  not  to  eonvanlant  for  tha  praaant  purpoaaa  anyway.  Instead,  f  shall 

ba  expressed  as  a  fourlar  aarlast 

f‘  fc  D+J  (fn,  Mhf)  -  <,» 

(7.26) 

wharai 

V't 

(7.27) 

Hsncai  „ 

fusM) r  My)  *  f'lcosyti  Z  [h,  (<<*(»  *i)t+  k,  (*  jtyjj] 

(7«28) 
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Sat: 


msUW-4* Jinf-vi  *  ;  '  .  ; 

(F. 29) 

where: 

*  '  •  •  .  W  .  .  s‘ 

^  *  £*,+  i 

l  -  fT 

end  it  is  understood  that  only  the  reel  pert  applies.  Hence: 

(F.30) 

A 

f-  M'+J  t>*) 

(F.31) 

fixtvth  I 

(F.32) 

Next,  consider  the  impedances  and  : 

1  —  1  y 

2a  Ra+iUvI*-;^)  Afc* 

(P.33) 

1  ~  /  y 

Z*  ”  ^+l(»nv4-^)  ~  ** 

(P.34) 

where  R  is  electrical  resistance,  C  is  capacitance  and  L  is  inductance  (L  does 

not  Include  the  field  colls  or  the  armature  colls).  Actually,  the  circuits  may 

have  more  than  one  resonance  but  they  can  still  be  represented  by  frequency 

dependent  Impedances.  Thus: 

^  dl  *  L  '"V 

(F.35) 

(F.36) 

Substituting  eqs.  (F.31),  (F.35)  and  (F.36)  into  eq.  (F.25)  and  collecting 
terms  according  to  povera  of  ,  an  infinite  set  of  simultaneous  equations 

are  obtained: 
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miSL  4*  2 

■  ...  •  .  :  . .  ‘  ■  ••  ..•-  -JI  I  -  '  ;  •••■•  .  /”  -•  1  v 

jail  r^‘vXi p  ty*  K  “ »  ^vXi *  4*  a 

fi**  -i^MV^nP^^+fZ+iNv^ PivJ ] 4“ i W  4* »» PKj[4* = 


.  >?'/.l.'ar:*fc  ?:<} 


(f.37) 


(7.38) 


r0  <7.39) 


Define: 

i . 

*>,*?  +  imv4*Pty2 

A*  *  PN/a 

Ai  ■"♦»°  t  becomes  ^  end  imv^s,  becomes  l”a 

(P.33)  end  (F.34)),  i.e.: 

*.-*♦?* 

A*-» 

Substituting  eqs.  (F.40)  end  (F.41)  Into  eq.  (F.39): 

jft,_ ?,  "4 4-i  **"  4 — 4  4*  ~i) 


(F.4a) 


(F.41) 


(see  eqs. 


(F.42) 


(7.43) 


Assume,  thet  eq.  (F.42)  reduces  to  identities  for  ell  ,  end  edd  ell  the 

corresponding  eqs.  (F.43)  for  * i^M  to  get: 


i**  ■“  2 am  )  z.  4  -  ahh  4-2  “  4  )  4»-» 


.  (F.44) 


from  which  It  Is  concluded,  thet  since  the  sum  £  4  which  contains  Infinite 

f  *«h 

many  terms,  has  a  finite  value,  each  term  must  be  small.  This  Is,  of 

course,  an  Inadequate  proof  from  a  mathematical  point  of  view  but  is  is 
sufficient  from  a  physical  point  of  view.  Thus,  all  higher  harmonics  of  f  may  be 
ignored  but  before  solving  for  f,  the  magnetic  forces  acting  on  the  rotor  will 
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be  derived. 

r  .  »  . 

j’-5  *  '•  1 

Th«  magnetic  forces  are  P^  end  P^.  They  have  been  determined  in  Appendix  II 
for  the  ceee  of  no  loed  where  the  mmf  ecroes  the  eirgsps  et  the  poles  is  equal 
to  U In  the  present  esse  of  e  loaded  generator  this  amf  is  equal 
to  f.  Thus,  substituting  f  for  l  3*  in  eqs.  (B.36)  end  (g.37  )  of  Appendix 
II, the  magnetic  forces  become:  ' 


F  =  5  f\ 

*  c  t 

(F.45) 

(T  ,  5  Is&fos.  f*s 

(F.46) 

The  flux  density  Bq  in  the  case  of  the  unloaded  generator  is: 

a  -  J±j%  _  Abklf  -  iifa. 

D°  ~  "  7c*f  “ 

(F.47) 

whereby  eqs.  (F.45)  and  (P.46)  can  be  written: 

K  ;S  ta*uS(ffle 

(F.48) 

Fr-Q  <****& (fr 

(F.49) 

Here,  f 
r6 

is  given  by  eq.  (F.26): 

.  «• 

1  ~  £  (4.  coj  U?)  -  4*  s;»(»f)) 

(F.50) 

from  which: 

(f£j“  ^  S.'h(wV/)) + Z  {(ffp,(dS(»'tf')- &,S>'n(*  f))L(fyCis( tyl’~£eSi*(fll'jj}  (F.51) 

^*-1  C-l 
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Making  use  of  the  trigonometric  identities: 

.  .....  >:  •  „/>  h  ■ 

<•»(*¥)  *  i  Fs;i»(»H+f)v-5i»6»»-/)vJ 

,  „  (F.52) 

sJntaV)  <®s( W *  i  [si» U+/)Y+  s.nf)n-/)V] 

Sin(jnY)  5*n(/Y)s  i  [cos{t*-t)V'-ftsfh'+4)'t] 

«q.  (F.51)  con  also  be  written: 

(£/  =  1+ 2  +i  L  E  { fCM  fcf  [cxfcJfy-HofL-fly'] 

“  t,  {f  [sirfM/ty-tSinfto-/)?]-  f(ht  blsvfa/ty-sinfm-dy]}  (p.  53) 


Collect  terms  aln  cos (m^  )  and  ain(*Y  )  to  get: 

$’**£,<£*£> +  l*r 

~  ^*1  ""  ^5h,  ^  5,r,V' 

+ Ji  *<,•«(* it  ^ ^  4,m -*"^e  PJ 

^>+P  +  *»u  (f.  54) 

Substitution  of  this  equation  Into  eqs.  (F.48)  and  (F.49)  results  in  the  final 
expressions  for  the  magnetic  forces. 


Returning  to  the  solution  of  eqs.  (F.38)  and  (F.39),  they  define  an  infinite 
set  of  simultaneous  equations 


-X, 

0 

“X* 

*1 

-Xi 

0 

"^3 

*3 

0 

» 

0 

1 

1 

l  I 


0  0  — 

0  o  — 

o  -  - 

Ht  -A,  “  - 

I  I 

I  I 

I  I 


(F.55) 
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where  and  A*  are  complex  numbers  defined  by  eqs.  (7.40)  end  (7.41). 

For  these  equations  ara  of  tha  form  given  by  eq.  (7.43).  Define  4* 

by  tha  equation:  - 


(7.56) 


and  substitute  Into  eq.  (F.43)  to  get: 


*"\h  ”  A*,  4*)  ^  -  0 


Comparing  this  equation  with  eq.  (7.56)  yields: 


(7.57) 


Assume  that  all  f*,  for  *n  ^M.are  so  small  that  they  can  be  Ignored,  i.e. 

"  ^M+2  -  ~  '  =  0  .  Then,  from  eq.  (7.56): 

4mz0 

With  this  as  a  starting  condition,  repeated  use  of  eq.  (7.57),  starting  with 
«n-M  makes  It  possible  to  calculate  dj*-/  j  *  *  ” j  4,,  40  .  From  the  first 
equation  of  eq.  (55): 

one  obtains: 


/  -  — -  r 

{>  *  rrf,A,  U° 


(F.58) 


after  which  eq.  (7.56  can  be  used  to  obtain  the  results  for  the  other  f-values: 


- 


=  . 4*-, 


(F.5S) 
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In  the  can*  where  only  the  two  first  he  monies  are  Important,  the  solution  of 
eq.  (55)  can  be  found  directly  as:  ■1 


ft  *  f(t  +  i  fu  = 


K,Kj—X|Xj 

2A,At 

X))(|-X|X| 


(r.60) 

(F.61) 


The  same  result  can,  of  course,  also  be  obtained  by  using  the  outlined 
general  method.  Here,  fj  ~(j,~  *  '  *  *  -  0  ,  so  that  M-2  and  6i~0  . 

Then,  from  eq.  (F.57): 


/  _  A| 
*  ■ 


Vi 

.  _  A,  _  A,*, 

®  Aft¥|~A|Ag 


l.e. : 


which  agrees  with  eqs.  (F.60)  and  (F.61). 


Hence,  by  truncating  the  equations  at  m*»2,  the  result  becomes: 


^  z  I  +  (  fC|  (OS(vt)  Sin(vt ))  +  (  f(i  (ns(?Vt)~fi2Sin(2vt)) 

From  eq.  (F.54)  with  =  ^3  -  (<4  -  ^4  5  -  --  -  =Q 

((P  i+WcHMO 4  f„ 4  f„  )  <«(>« 

(ciUinhti  +  [He?  4  2  £1  ”i  £  J  cos(dvt) 

~l?fS2  ■+  £,  f$i  ]  sin  ftvt)  ■+  [  f(1  f(t  -fJf  fS2  ]  <bs(3vf)  “  [7ff  fci]s;*(ht) 

+  i  ]  CoS(4>t)  ^S2  Sin(4»t)  (F. 
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’*  TS  'V 


which  then  can  ba  substituted  into  eqs.  (F.48)  snd  (7.49)  to  obtain  the 
■agnatic  forcas. 


The  response  and  stability  computer  programs  consider  only  one  frequency  com¬ 
ponent  of  the  magnetic  forces.  Let  this  be  the  first  harmonic  so  that  the  mag¬ 
netic  force  frequency  A  is: 


I2*V-  hrCO 


(7.63) 


i.a. 


a 


OO  ~hr 


(7.64) 


Writing  the  magnetic  forces  in  the  form  given  by  eq.  (A. 46),  Appendix  I,  it  is 
found  that: 


(F.65) 


Qo  =  o 


(F.66) 


I 

0 

0 

0 


0 

I 

0 

0 


0 

0 

0 

0 


0 

0 

0 

0 


► 

< 


(7.67) 


i 


r-0 


-  Ziuij  At  B* 


r\ 

0 

0 


lo 


0 

0 


0 

0 

0 

0 


0 

0 

0 

OJ 


(F.68) 


which  shows  how  to  prepare  the  input  for  the  two  programs. 


-  108  - 


-  109 


APPENDIX  VUIffha  Impedance  of  an  Arbitrary,  Elastic  Rotor  Supported  la  Flexible. 
Damped  Bearing! 

In  determining  the  stability  threshold  and  the  amplitude  of  a  rotor  vith 
tlmavarylng  magnetic  forces  it  is  necessary  to  calculate  the  response  of  the 
rotor  to  high  frequency  excitation.  In  Che  more  common  case  of  a  rotor  response 
to  mechanical  unbalance  it  la  customary  to  neglect  the  contribution  from  shear 
force,  but  at  high  frequencies  this  contribution  becomes  Important  and  must  be 
Included.  Thus,  the  previous  analysis  given  in  Volume  5  will  be  extended  to 
Include  Che  effect  of  shear  force  and,  in  addition,  tho  new  analysis  will  take 
into  account  the  actual  mass  distribution  along  the  rotor. 

Referring  to  Figure  4,  let  the  rotor  be  subdivided  into  sections  such  that  each 
shaft  section  has  uniform  diameter  and  uniform  material  properties.  The  end¬ 
points  of  the  sections  are  called  rotor  stations.  Stations  are  Introduced  not 
only  where  the  shaft  diameter  changes,  but  also  where  there  are  concentrated 
masses  like  wheels.  Impellers  or  sleeves,  where  there  are  bearings,  where  there 
are  magnetic  forces  and  at  the  endpoints  of  the  rotor.  Bence,  the  arbitrary 
rotor  station  n  can  be  assigned  a  mass  mn,  a  polar  and  a  transverse  mass  moment 
of  inertia.  Ip,  and  ljn  ,  8  bearing  coefficients:  Knr,n /^rvnj Key n  /  j 

i  and  ,  and  magnetic  forces  (some  or  all  of  these  quantities 

may  be  zero  at  any  particular  station).  This  results  in  an  abrupt  change  in  both 
the  bending  moment  M  and  in  the  shear  force  V  across  a  rotor  station. 

Introduce  a  cartesian  coordinate  system  with  the  Z-axis  along  the  rotor,  the 
x-axis  vertical  downwards  and  the  y-axis  horizontal.  At  each  point  along  the 
rotor  the  origin  of  the  coordinate  system  coincides  with  the  steady-state  position 
of  the  rotor  axis.  The  rotor  amplitudes,  caused  by  the  applied  dynamic  forces, 
are  therefore  x  and  y.  They  are  functions  of  z.  Consider  rotor  station  n: 


Figure  19:  Force  Diagram  for  Rotor  Station  n 
-  Ill  - 


where  ^  le  the  elope  of  the  bent  rotor  (In  the  y-plaae  the  elope  le  ft  )p 
Fm  le  the  x-coeponent  of  the  externally  applied  force  end  T  le  the  x- 
c opponent  of  the  externally  applied  moment .  A  force  belence  yield*: 

ft  ^  <®*1) 

K^*X„  *”Bi pn  (H.2) 

A  moment  balance  yield*: 

ITn  dt*  +  ^  Ip*  it'  =  Mxe  *"^r« +TXn  (H.3) 

rT„  $  -*> r„  j('  =  +<?.>,4t,,  (h.4) 

where  Co  la  the  angular  speed  of  the  rotor,  and  6?#  and  0O  are  the  static 
gradient*  of  the  magnetic  force  and  the  magnetic  moment. 


Assume  next  Chat  the  motion  takes  place  with  a  given  frequency  V  such  that: 

X„  -  Xcn Co5M)-Xj„  $m(vt)  =  tft{  (x^+iX*) e,ytj  (H.5) 

and  similarly  for  </* ,  ©a  ,  ,  MXn  t  ,  V^*;  ,  Tu  4hJ  7y*.  Hence, 

eqs.  (H.l)  to  (H.A)  can  be  written: 

VXO|  -  Vjfo« +  Kc**  ~ tyci +^Ch  (H. 6) 

Vf$a  ”  MfJa  “Kiorh^  ^ — kyyn j„  (H.7) 

Vjcn  ”  V^*-^**  Xcs  Ot)  <jlH  ■*■(<*>)&)  8^,  <yjH+  F (H.  8) 
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nr  rTV^.FT'"^'  " 


(H.10) 

t  .  *  ■  t  *  ’  *  '  ^  , 

-rM. 

(H.ll) 

M^.-  H,„  +  (Sir,,  ti'a,. -[(uflr.^'+til  ft.  *  r*<« 

(H.  12) 

ML  -  Mp.  -(2)1,  „<A.  -  [(2)'it.^<]  ft.  -Tp. 

(B.13) 

v  X Yt{:>f.' 


This  can  also  be  written  in  a  more  compact  form  by  expressing  all  the  quantities 
in  the  same  way  as  in  eq.  (H.5)  and  with  the  convention  that  only  the  real 
part  applies: 

v;, r  •+  Jv*  -  (k^s  ( (h.i4) 

-  Vijn”“(K^jr^+t(X)4>8^)l„)xh  +  -K ttfu+Q (h.15) 

+  tf(fH  -Txh  (H.16) 


VL*%  -v 


(H.17) 


Having  established  the  change  in  shear  force  and  bending  moment  across  a 
rotor  8tatlon(eqs. (H. 6)  to  (H.13)  or  eqs.  (H.14)  to  (H.17)),  the  shaft  sections 
connecting  the  rotor  stations  will  be  considered.  The  governing  equations 
are  (ref.  1): 

is.  =e — Ml. 

3T  °  «AG 


shaft  deflection: 


(H.19) 


shaft  bending: 
force  balance 

moment  balance 


is.  ,  -L  M 

dz  ei  n* 

pa&-_4& 

rat1’  dz 

ifl*  r  V 

dz  V* 


(P.20) 

(H.21) 

(K.22) 
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where  x  Is  eh*  amplitude,  ®  1*  eh*  rotation  angle,  M  ia  th*  banding  moment, 

V  ia  th*  shear  fore*,  k  ia  tb*  croaa-aactlonal  area,  I  is  th*  transverse  moment 
of  inartla  of  cross-section,  f  ia  tha  naaa  density,  E  la  Tounga  modulus,  6 
ia  th*  ahaar  aodulua  and  d  la  a  ahapa  factor  for  ahaar  (  0*15  for 

circular  croaa-aactlon) .  Analogous  aquation*  hold  for  th*  y-dlr*ction.  It 
ahould  b*  notad  that  rotary  inartla  and  gyroacopic  moments  hava  bean  ignored  in 
tha  laat  aquation  above  bacauaa  thaaa  contribution*  ara  rathar  small  and  can  be 
accounted  for  at  th*  rotor  atatlona. 


Thaaa  equation*  can  be  combined.  Subatltute  for  Vz  from  eq.  (H.22)  into  eq. 
(H.13)  and  differentiate  with  respect  to  z: 

Jx  _  de _ L. 

dz'  '  dz  dM  az*  ( 


(H.23) 


Substitute  for  ^  from  eq.  (H.20)  and  differentiate  twice  with  respect  to  t: 


A  _  i  i  At, 

Jz^t*  “EI  dil  dAQ  fcdt* 


(H.24) 


Next,  differentiate  eq.  (H.22)  with  respect  to  z  and  substitute  into  eq.  (H.21): 


dt*  * 

or:  _A_ _ l 

tz'dt'  '  $a  az4 

A 

By  equating  the  two  expressions  for  •  the  final  equation  becomes: 

_  _$A_  L  j.  -/) 

4z4  s(Aa  4z*4t’  ’  Cl 


Let  the  motion  be  harmonic  with  frequency  V  ,  1.9.  ^ 


4  My  J 

TTt  s-v*M 


(H.25) 


(H.26) 


(H.27) 


define: 


w  .  Furthermore , 


(H.28) 


(H.29) 
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Thereby  eq.  (H.27)  cea  be  written: 


•f 


&  +M>4  $  -?"• 


The  chereccerletlc  equeclou  is: 


with  the  roots: 


=  fi-upf  tittup  ] 


Set: 


i ' 


whereby  the  four  roots  become: 


V  p,  5*  =  -A 


end  the  final  solution  can  be  written: 


-  j\  i 
'•l'*  '1 1  '■% 


(H.  30) 


(H.  31) 


(H.32) 


EI  -  C,  C0ik(/i,2)  +  Cj  s;*h(p,z)  +  Cj  Coiifczl+C+Sihifcz)  (H.33) 


The  three  other  variables  become: 


,  il 


ejV*  =ET  a?  =  C(/4(J»hi»^,z)4CJy5lfojA^Ir)-4^jm/yJIz)-fC,/e,fesr/5,2)  (h.34) 


* *»vT $  *  fiei  k <*M'9,Z,+  A h.m) 
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jfr<k  *  s»h(ptz)  +  eoshfiz)  +  ^  s.W^z)  - 


.  r‘. .-  v  i’ 

(H.36) 


For  the  abaft  section  of  length  ^  batwaan  rotor  atatlona  n  and  (n+1) ,  the  and 
condltlona  are: 


iLlzA 

at  z*  L 


d*0H 

*V<V 


v:*< 

V.’V',,.,, 


^I*«*/®*  hp>t  (H.37) 

Then  the  four  constants  C,  C2»  C^,  and  are  determined  from  the  equations: 

C'  +  C’  j,C2  ~pi  c«  sQh 

pi ^  /3*^3  *•» 


p,cl  "p, c<f 


(H.  38) 

c«=  b'***  &  n»l 

(H.39) 

Cr/$r  fa,*+«v**i 

(H.40) 

(H.41) 

Substituting  for  to  C4  Into  eqs.  (H.33)  to  (H.36)  and  setting  c-tfQ  yields: 

=  I^r  Jer  M*„  (h.42) 
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4  [foil:}., -f»sA^]  ct V*„  }  (M. 43) 
+r^J,4U/+/5l5,.|jlt]ETVi«J  (H.44) 

hK(IH,s  j/$fi  [fis/MrfjnAjx,,  +p!fi[«*U,-  a,4^  If  I  sfcW,-£  *‘*^1  Ei  K* 

•fr^OrfWj^Ic^Ifr^i,}  (H.  45) 

These  equations  can  be  written: 

*„♦,  =  «lh  *«  4  $*  4  «4e  +  «7s  Vi 

s  4ja  *,.  4  0*  4  «&*  Ki.  4  *4*.  V**  (H.46) 

^x,Mi_  4  ^to*  ®*»  4  4  ^J*»  Mc» 

/  1 

^•hi  '  fy*  **  4  ^4*»  4  ^5*i  ^X»»  4  ^*** 

Because: 

M  V* 


the  10  coefficients  a.  to  ain  become: 

in  10  h 

«,„s  •^rlfi(^^!il(^l\ 


(H.47) 


A>* 

f  y3|  cos#j  A,-*-  ^SffosAj] 

(H.48) 

**3*1  ~ 

1 

V+fi 

[|J,SinU,+Asi"^i] 

(H. 49) 

%.= 

1 

A*4# 

frosU,  -fosAj  ]  £j 

(H.50) 

ay»T 

-j— 

A* +/5* 

[  5ioKi|  “|}|  SinAj  ] 

(H. 51) 

«c* 

i 

[  |5j  SinUj-f^,  SinAjlpj 

(H.52) 
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a%  *  fa  5,n*  J  EI 


(V.  S3) 


«*»  *  ^SA  *» 


(H.54) 


I«* 


(H.  55) 


(H.56) 


These  10  coefficients  are  different  for  each  shaft  section  since  A,  I  and 
vary  between  sections. 

In  the  limit,  a$  At  and  Aj  become  very  small,  the  following  relationships  hold 

ccsU,  — - 

"I, (H57) 

sihU,  —  fi/Ji+iptf+ihtitil 

i'"K 


Sih^ 

Hence,  In  the  limit: 

«*  —  / 


-  Jl 

ZEI 

„ _ L 

a<»  ET 


1  a3*»*p*  ^ 

%. — i/45'  m*  i  -~° 

„  j£_ _ 4_  (H.58) 

a,»"  6£T  *AG 


From  eq.  (H.57)  it  Is  seen  that  these  limits  are  exact  when: 


Hi  *0.022 


(H.59) 


assuming  that  the  computer  works  with  8  significant  figures.  Under  these  limit 
conditions  and  If  t  is  not  too  small,  eqs.  (H.46)  reduce  to: 

*h+,  -  X*  +  in  -+S  my  4  hex  ~J&  j 

e**>  ~  '3*4  El  ^x»  4  zer^x*  ,  60) 

M*jMf  i  /*  x„  + 1  vl?A  /„  &„  +  M'x»  +  4  V„„ 

Vx,**.*  v’jM  4  x* +  i  v*5>*  4\  + 
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which  are  th«  a  am*  expres  -as  as  would  be  obtained  if  the  shaft  was  considered 
aaasleaa  and  the  actu  1  shaft  aaaa  lumped  at  the  endpointa  as  done  in  Volume  5 . 

It  is  seen  that  there  ia  no  coupling  between  the  x-direction  and  the  y-direction, 
nor  between  the  cosine  and  sine-components  in  eqs.  (H.46).  Hence,  *q9«(H.46 
are  valid  also  if  the  variables  are  subscripted  with  c  or  s,  or  for  the  analogous 
y-components.  In  this  way,  eqs.  (H.14)  to  (H.17)  together  with  eqs.  (H.46)  estab¬ 
lish  recurrence  relationships  by  which  the  amplitude,  etc.  can  be  calculated  step 
by  step,  starting  from  one  end  of  the  rotor.  Let  the  rotor  end  at  Station  1  be 
free,  i.e.  Mx, TV^,~0  .  First,  set  x^-1  and  y^- and  use  the 
recurrence  formulas  to  calculate  the  bending  moment  and  shear  force  at  the 
last  station,  station  m.  Denote  the  values  as:  *ll  /  fym*  $11 ,  In 1 

(the  a's  are  complex).  Next,  set  y^»l  and  0  ,  and  calculate 

VW4J2/H***  ***•  Repeat  the  calculations  with  ©,  and  -/  »  respectively. 

Finally,  perform  four  additional  calculations  with  X,  *  ij,  ~  O,  ~  (ft  ~  0,  the  first 
with  fyvl  .F^-T^T^O  j  the  second  with  Fy-T^-T^-O  ,  and  so  on 

where  the  forces  and  moments  are  applied  at  that  rotor  station  where  the  magnetic 
forces  act.  Assuming  the  rotor  end  at  station  m  to  be  free,  we  have  =  Ktaf 


K, 

Vi* 

W 

*n  *n  dij  *14 

*ti  *ti  Gij  *14  ,  ty/ 

*ii  *33  #34 

*4i  *4l  *43  <P, 

A  X,  =  B  F 


*tf  **  *n  aif 
*n  *11  *it 
a3r  *X  *37  *39 
*49  *44  *41  *49 


P*1 

5  -o 


(H. 61) 


(H.62) 


where: 


{*i 

1 • 

0, 


F-  Fi 1 


(H.63) 
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and  A  and  B  ara  matrlcea  defined  through  the  above  equations, 
such  that: 

A*  At*  i  A  $ 


B-  B  +ibs 


They  are  conplex 

(H.64) 


and  slailarly 
and  imaginary 


for  X|  and  F.  To  solve  eq.  (H.62)  for  X^ .write  it  out  into  its  real 
parts: 


\  X,«  -  4  Xl5  =  (B-F)' 

(H.65) 


AsXlt  +  At :x)s  =  (B-F)5 


Solve  the  equations  to  get: 

4  *  f  + As  ]"  [a;'(b-  f  )< + a  f  b-  j 
V  [a;'a<+a? 

Define: 

A'uf/S-,A£*A;'Asr[A;,-iAn 


(H.66) 


(H.6-*) 


whereby  the  solution  of  eq.  (H.62)  becomes: 

X,  -  A~'  BF 

Let  the  magnetic  forces  act  at  a  station  with  amplitudes: 

fx) 


9 


(H. 68) 


(H. 69) 


In  performing  the  rotor  calculations  described  above,  X  is  expressed  by  a  matrix 
equation  similar  to  eq.  (H,61): 


X*CX,  +DF 


(H. 70) 


-  120- 


Substituting  for  Xt  fro*  .  '3  .**>; 

X^[cA"B*D]f  -  £"'  F 


(H. 71) 


where  E"' [CA"B  ♦  D] 


is  e  complex  matrix  with  4  rows  and  4  columns. 


Solve  this  equation  to  get: 

f=  M=e'x“I  '■  ;  Im  «-72> 

ly  I  t  l  6 

T«,l  - (^4+iAjJ  <p, 

where  E  is  obtained  as  the  inverse  of  E  ^  by  the  same  method  used  to  invert  A 
(see  eq.  (H.67)).  Here: 

(X„+I%,)x  =  (*i,-hA|,)(*£-MXs)  =  ( X„Xc~\i,Xs)(o$(vt/-(\u)(c+XllX})5;hM )  (H.  73) 


and  so  on.  The  E-  matrix  expresses  the  impedance  of  the  rotor  for  the  chosen 
frequency  V  at  that  rotor  station  where  the  magnetic  forces  and  moments  are 
applied.  It  is  used  in  the  rotor  stability  calculation  and  the  rotor  response  cal¬ 
culation  as  discussed  in  Appendices  IX  and  X. 


APPENDIX  IX:  Calculation  of  the  Threshold  of  Instability  for  a  Rotor  with 
Magnetic  Forces 


In  Appendix  VIII  it  is  shown  that  the  rotor  can  be  represented  by  an  impedance  matrix 

E  at  the  point  where  the  magnetic  forces  and  moments  are  applied.  This  matrix 

depends  on  the  vibratory  frequency  V  and  relates  the  rotor  amplitudes  and  slopes 

to  the  imposed  forces  (see  eq.  (H.72),  Appendix  VIII) The  magnetic  forces 

and  F  and  moments,  T  and  T  on  the  other  hand,  also  depend  on  the  rotor  ampli- 
y  x  y 

tudes  x  and  y  and  slopes  6  and  (P  ,  and  can  be  written: 


p 
r y 

Qxi)  Oko 

v 

i 

fa  fa  fa 

r 

X 

Off 

% 

fa  fa  fa  fa 

sM) 

■  » 

Tv 

Qox 

% 

fa  fa  fa  fof 

• 

■V 

. 

Qp* 

Off 

■fa  fa  fa  fa 

ifj 

where  fl  radians/sec  is  the  frequency  of  the  magnetic  forces,  and  the  Q's  and  q's 
are  the  gradients  of  the  magnetic  forces  and  moments.  In  most  cases,  several  of 
the  gradients  are  zero  and  there  also  exist  certain  symmetry  relationships  between 
the  gradients.  However,  all  the  terms  will  be  kept  in  the  analysis  to  make  it 
general . 


Combining  eqs.  (J.l)  and  eq.  (H.72),  Appendix  VIII,  a  matrix  equation  i9  obtained 
with  the  rotor  amplitudes  x  and  y  an I  rotor  slopes  ©  and  (P  as  the  unknowns. 


To  solve  the  equation  it  is  nectoou.y  to  expand  x,  y,  e  and  <j 9  in  Fourier  series  as: 

X- 2.  [x^ccsOif) -x^s.^tkY)]  (J.2) 

-  0 

Oo 

y-^rj ‘Ja  Co^k  Y)  ~  %  ^(n)l  (J •  3) 


and  similarly  for  &  and  where: 


y.-  i  nt 


(J.4) 
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i 


Thu»,  for  a  given  W  the  frequency  is: 

V-k  Q 


(J.5) 


and  the  elements  cf  the  impedance  matrix  E  (i.e.  the  Jf's  and  A 'a  of  eq.  (H.72), 
Appendix  Viljare  evaluated  at  these  frequencies  such  that  there  will  be  and  E-matrix 
for  each  value  of  k: 


Ch  ' 

+; 

(J.6)  ‘ 

•  ^ 

— 

Next,  define: 

:  ~ — 

rx 

— 

TC- 

x 

k  * 

e 

*  - 

K>*< 

4 

(J.7) 

-■ 

■fJ 

k 

where: 

*Ck 

x„ 

5  < 

** 

► 

\ 

/ 

<**■ 

fa 

fa 

(J.8)  , 

_ _ - 

'  <p£k  . 

fa 

J 

1 

/irr== 

Also,  set: 

Ox  If 

®X0 

(?x^ 

£«r 

Q 

Oox 

Qe^ 

o„ 

Ootf 

Oef 

(J.9) 

■g 

l  fy>x  Gf f 

Qffl 

— 

fa 

•  .  *T 

% 

-  - 

i  fa 

fa 

fa 

fry 

;| 

► 

t  T 

, 

fa 

fa 

fef 

f 

1 

•  fa 

fa 

fa 

With  these  definitions, 

eqs 

.  (H.72)  and 

(J.l)  can  be  combined  to  yield: 

T* 


^  «• 

-  Z  EkXl([cos(k}/)H5in(l<Y)]  r  ~  [0(<v(2f)-qsin(?y/)]  Z  Xk[cci(k^)-iih(H^j]  (j.  H) 

(fry  k'0 
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or  In  expanded  farm-. 

-(t'sX 

*)Q  l  -iaZXo.MWIf-asft-jJVl 

*2  (j  12) 

-k  I  xa,U;»(M)v-S‘»i''-M]’i*oz  xj^ik+w+sw-uyko  ' 

By  collecting  terms  in  cos(Uy)  and  ain(  ky  ),  two  sets  of  equations  are  obtained, 
one  set  for  ic  even  (  k~  0,2,4,  *  )  and  one  set  for  k  odd  (k*l,  3,5^  ). 

Consider  first  tne  case  of  k  even.  When  k^  4  ,  eq.  (J.12)  yields  for  any  k: 

k  even,  k  -  4 

^ Ck  ~  ^  +  2  ^^C,k-2  ~  2  ?  ^*-2  *  2  ^  ^C,k»2  ^5(k-»2 

(J .13) 

ESk  Kk  +  £<:*  Kk  +  t?  K,k-l  *  2  G  ~*i \*n  +  ^J.^2  =0 

which  can  be  written: 

(ECk  +i tSk)(XCk+tXSk)  * }  (Q+tf)(Xvl.l+i)(Vr^)+i(Q-if) IXcfiJiXjfittkO  (j.w 


or: 


CX,,  +e„xk+  hx*,  =0 

(J.15) 

where : 

Gzi(Q+i<j)  H-i(Q-iq) 

(J.16) 

Define  the 

matrix  S,  by: 

V  -  C  V 

'■'«  ',k-2,'k-j 

(J.17) 

Substitute 

into  eq.  (J.15)  to  get: 

(J. 18) 

or : 

Xk  r  “  f  Ek + ij  5k  ]  f  Q  Xk_, 

(J.19) 
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By  cmptrlng  eq».  (J.19)  and  (J.17): 


5„.,*  -rEkfHS,r'G  i*i 

For  k»2,  eq.  (J.12)  yields: 

2CXc,  +  E.Xt  +  HX,  -0 

since  X$0  -  0  .  Hence: 

X2  =~IVnSjr2GX(„ 

Thus,  eq.  (J.17)  is  valid  also  for  k-2  if  it  is  defined  that: 

S.*-f£lf«S,r?6 

Turning  last  to  the  case  of  k«0,  eq.  (J.12)  yields: 

EeA.-*icvM„«o 

or  by  introducing  eq.  (J.22): 

[ECo  +  iQ$c,^0]Vo 


(J.20) 


(J.21) 


(J.22) 


( J.23) 


(J.24) 


(J.25) 


where : 


5co  +  $io 


(J.26) 


The  coefficient  matrix  on  the  left  hand  side  of  eq.  (J.25)  is  a  4  by  4  real  matrix. 
In  order  for  a  non-trivial  solution  of  Xc#  to  exist  it  is  necessary  that  the 
determinant  is  zero,  and  in  that  case  the  rotor  is  unstable. 

Turning  next  to  the  case  of  k  odd  and  taking  i<^3  ,  eq.  (J.12)  yields  for  a  given 
value  of  k,  equations  identical  to  eq.  (J.15).  Hence  eqs.  (J.17)  to  (J.20)  are 
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also  vallj  for  I <*3 


However,  for  k»l  eq  0.1?)  gives: 


fo  ♦  t  o)  x,,  -  { E„  - 1  f )  y„  -  { o  r„ + 1  f  x,,  *0 

(J.27) 

H**hK  +  lt«-io  )xc,-tiXa->tiX„*o 

By  substitution  from  eq.  (J17),  eq.  (J.27)  becomes: 

[E,  +  H5,] Xt  +  iQ)(ci  j,  +i(iqXc1-{QX£1)=0  (J.28) 

Equating  real  and  imaginary  parts,  this  equation  yields  an  8  by  8  real  matrii. 
whose  determinant  must  vanish  at  the  threshold  of  Instability  of  the  rotor. 


In  order  to  evaluate  the  two  determinants,  the  one  for  even  values  of  k  from 

eq.  (J.25)  and  the  one  for  odd  values  of  k  from  eq.  (J.28),  it  is  necessary 

to  calculate  S  and  S. .  This  is  done  by  using  the  recurrence  relationship  of 
o  1 

eq.  (J.20)  where  ^  caa  be  f°und  when  is  known  (for  k-2,  use  eq.  (J.23)). 

Now,  the  elements  of  the  impedance  matrix  are  of  the  order  k2  (except  if 

l<  O’  is  close  to  a  resonant  frequency  of  the  system).  Thus,  for  sufficiently 

_2 

high  values  of  k,  will  be  of  the  order  k  such  that  it  Is  possible  to  ignore 

all  S, -matrices  for  k-f  where  p  is  selected  on  the  basis  of  the  desired  accuracy 
* 

of  the  calculations.  With  S  -S  -0,  eq.  (J.20)  yields: 

p 


after  which  eq.  (J.20)  and  eq.  ( J -  23)  can  be  employed  to  calculate  Sk,  p-3-lc^O, 

keeping  the  S-matrlces  for  even  values  of  k  separate  from  the  S-matrices  for  odd 

values  of  k.  Once  S  and  S,  have  been  obtained  the  two  determinants  can  be 
o  1 

calculated. 

To  perform  a  complete  stability  analysis  of  a  rotor,  the  rotor  dimensions,  the 
rotor  speed  and  the  bearing  coefficients  must  be  specified.  It  is  then  possible 
t-n  calculate  the  impedance  matrices  of  the  rotor  (the  E^-  matrices),  by  the  method 
explained  in  Appendix  VI 1 1  Next ,  to  determine  if  the  rotor  is  stable  or  unstable. 
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aseume  the  magnetic  force  gradient*  (i.e.  the  Qv*  and  q's  of  eq.  (J.l))  to  be 
variable  but  auch  that  their  mutual  ratio  is  kept  constant  and  equal  to  their  speci¬ 
fied  value.  In  other  words,  introduce  a  reference  value,  Q^f  ,  (for  instance, 

0rtf  ~  Qtjt  )  and  let  $rt(  be  the  single  variable  but  such  that  when 

varies,  the  ratios  0rtf  ,  ?**/ Qrtf  .  and  80  on  remain  fixed.  Then  increase 

Qrt(  in  steps,  starting  with  Qrt(~0>  and  calculate  the  corresponding  values  of  the 
two  determinants  as  discussed  above.  In  this  way  the  determinants  are  obtained  as 
functions  of  0rtf  .  If  neither  of  the  determinants  become  zero  between  Qrtf  ~  & 
end  that  value  of  Qrtf  where  the  Q's  and  q's  assume  their  specified  values,  the  rotor 
is  stable,  otherwise  unstable.  It  should  be  noted  that  this  assumes  the  rotor  to 
be  stable  at  Qrtf~ 0  ,  i-e  when  there  are  no  magnetic  forces.  Even  if  the  two 
determinants  are  not  zero  for  Grif~0  ,  the  rotor  may  still  be  unstable  with  hydrodynamic 
whirl  instability  induced  by  the  fluid  film  forces  in  the  bearings.  This  latter 
form  of  instability  cannot  be  analyzed  by  the  present  method  but  must  be  checked 
by  the  methods  given  in  Volume  5. 


APPENDIX  X:  Calculation  ol  the  Amplitude  Response  of  a  Rotor  with  Magnetic  Forces 


When  there  Is  a  built-in  eccentricity  between  the  rotor  center  and  the  magnetic 

axis  of  the  generator  stator,  the  magnetic  forces  will  force  the  rotor  to  whirl. 

Lot  this  built-in  eccentricity  be  described  by  (Xe  ^  y  0„  (pt  )  where 

and  give  the  coordinates  of  the  rotor  center  with  respect  to  the  stator 

center  and  G0  and  <p0  give  the  angles  between  the  rotor  axis  and  the  stator 

axis.  These  values  include  the  contributions  from  L  *e  static  components  of 

the  magnetic  forces.  Then  the  magnetic  forces  F  and  F  and  the  magnetic  moments 

x  y 

T^  and  T^  can  be  expressed  in  terms  of  the  rotor  amplitudes  x  and  y,  the  rotor 
slopes  6  and  (f  ,  and  <j0yBo  and  (j>e  : 


? 
'  V 


I 


=  “  f  0  Cosf  Jit)  -  <f  Sin  (£t)  ] 


V* 

V* 

e4+e 

fo4f 


(K.l) 


where  Q  and  q  are  matrices  defined  by  eqa.  (J.9)  and  (J.10),  Appendix  IX.  These 
forces  and  moments  act  on  the  rotor  where  they  produce  the  amplitudes  x  and  y 
and  the  slopes  0  and  (p  which  are  related  to  the  forces  through  the  impedance 
matrix  E  as  given  by  eq.  (H.72),  Appendix  VIII. Thus, by  combining  eq.  (H.72)  and 
eq.  (K.l)  a  matrix  equation  is  obtained  with  x,  y,®  and  (p  as  the  ui  knowns.  To 
solve  this  equation,  expand  X,  y, &  and  <p  in  Fourier  series: 


*- zr  Xci,  Y)-*Sk  Wky)] 

ksi) 


(K.2) 


and  similarly  for  y,  0  and  <p  where: 


(K.  3) 


Thus ,  for  a  : ' 


:  :f  k  the  frequency  is; 


V=l<13 


(K.  4) 


It  should  be  noted  that  this  differs  from  the  stability  analyses  where  ip-jm 


and  V  =  k 


In  the  response  calculation  only  multiples  of  the  magnetic  force 


frequency  are  considered  or,  in  terms  of  the  stability  analysis,  only  the  case  of 


-  129  - 


"k  even”  i«  considered. 


Tor  each  k-value  a  rotor  impedance  matrix  can  be  computed  a*  shown  in  Appendix  VIII 


“  Ech  *»■  *  £jit 


(K.5) 


Define: 


Xl' 


(K.6) 


. 


where: 


'*Ck 

•jck 

X - 

‘J* 

Gck 

'v5k 

eSI< 

.  J 

Then  combine  eqs.  (H.72)  and  (K.l)  to  get: 

oo 

=  -[<tos(Qt)-*s,n(fl1)][ 

k'j* 


(K.  7) 


<R 


+  Z  XJfdsfkT^+lWkf)]]  (K.  8) 


which  can  be  expanded  into  the  form: 

Z  [(£<* X*-  Jctsfky)- -  (EskXCk  f  £c*  X$k)s;*(kty)  ] 

+zQ  I  XcJ(os(kii)f+cos(H)y]  ~i$ZX5l(lc<,s(kti)y-c<,s(t<-i)y'] 
-{  %  £  Xa [ 5ih(k*l)'lf'-Sih (k-i)if'J -iQ  Z  ^ [s/nft-»i)Y+s««(k-i)yJ 


(K.9) 


1  (Ptf  i 

Collecting  terms  in  cos(  kty  )  and  sine(  kl/'  ),  this  equation  gives  rise  to 
infinite  number  of  simultaneous  equations.  For  3nd  for  any  arbitrary  value 

of  k,  the  equations  become: 

m  Eo, >4, - 4  +  i Q Xr,,., ■ - i ? V. + is Xc,„, + { ? = o 

(K. 10) 


an 


£sk  Xcif4  £<>  Xj k  4  i  f  Xc<  4 i  £?  XCI(H  ■+  i  Q X^y+i _  ^ 
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or  In  couple*  notation: 


Gxk-i  -f £kyk  +  h xkil -o 


(K. 11) 


where  the  G  and  H  matrices  are  defined  by  eq.  (J.16),  Appendix  XX.  For  k-1, 
the  right  hand  aide  is  not  zero.  The  equations  become: 

k=J 


VE*  VQXC,  +i QXa  +49xS!  »  -Q 


*f 

ft) 


ft 

VI 


+rciXs1-f^  Yc#  Vc2  ^ 

U- 


or  in  complex  notation: 


2GXc.  +  e1X,+HXl*-2s{£] 

(ft) 

since  XSe  -  0. 


Finally,  for  k-0  eq.  (K.9)  yields: 

Wu  +2  <$k51  -0 


Now,  define  a  matrix  by: 


ki* 


and  substitute  into  eq.  (K.ll)  to  get: 


Q  Xk_(  -f  (£k  -f  L-i  Sk )  Xk  -  0 


or: 


13 ]  - 


(K.3 


(K.i; 


(K.14 


(K.15 


(K.16) 


i 


i 


( 


Hence: 


Si,.,  ■  -[£^HS,r& 


(K.17) 


A a  previously  discussed,  is  of  Che  order  k  which  means  Chat  for  sufficiently 
large  values  cf  k,  3^  is  of  the  order  k  Hence,  for  k- p  where  the  choice  of 
p  depends  on  the  desired  accuracy  of  the  calculation,  may  be  set  equal  to  zero. 


l.e. : 


SP.f-  -£;'G 


(K.18) 


Thereafter  eq.  (K.17)  can  be  used  to  calculate  all  subsequent  S,  matrices,  p~?-k-l. 


Having  obtained  S^,  eq.  (K.12)  becomes: 


26XC0+[E,  +  H5,1X,  = 


(K.19) 


with  the  solution: 


X,  =  -ff,+HS,]'2S  [V  i  l  ^S.(\.+  {£  J 


(K. 20) 


where : 


5„r  5{  +i'5So  =  -  [e,  +  H5,]  'G 


(K. 21) 


With  this  result,  eq.  (K.14)  can  be  written: 

f  £<. *d  s,.n  s,„  ]  xt.  -  -  [o  5„ + %  sj 


s  lr* 

Js<»j  Q0 


(K. 22) 


te.-'QS..+?sJ.][x<i+M] 

l<P„ 


=  C  K 

&co  o0 


(K. 23) 
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CO 


or 


after  which 


These  four  equations  a toy  bo  oolvod  for  X, 

can  bo  colcuiaeod  from  sq.  (K.20)  and  oil  ocher  X^-vectors  from  eq,  (K.15). 
Thereby  eho  complete  emplltudo  rooponeo  la  obtained  at  the  otatlon  where  the  mag¬ 
netic  forcee  are  applied.  To  determine  the  response  at  other  etatione,  the 
rotor  calculation  haa  reeulted  in  ralatlonahipa: 


dt  Station  H 


•'Ak 


'*k  ^ 


(K,24) 


Here  X^is  related  to  rfcby  eq.  (H.6J): 

i.e. : 

Kk~  r  C,m  AT*  8k  ^  1  ^ 

or  with  Ffc  given  by  eq.  (K.72): 


(K.25) 


(K.26) 


(E. 27) 


Thus,  with  determined,  the  amplitudes  and  slopes  at  any  other  rotor  station 
can  be  found. 
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APPENDIX  XI;  Computer  Program  -  The  Stability  of  a  Rotor  with  Timevarylng 
Magnetic  Forces 

This  appendix  describes  the  computer  program  PN0351:  "The  Stability  of  a  Rotor 
with  Timevarylng  Magnetic  Forces"  and  gives  the  detailed  instructions  for 
using  the  program.  The  program  is  based  on  the  analysis  contained  in  Appendix  IX 
(and  Appendix  VIII) It  calculates  that  value  of  the  gradient  of  the  timevarylng 
magnetic  force  which  is  required  to  make  ft'*  rotor  unstable. 

The  rotor-bearing  model  is  that  of  a  general  flexible  rotor  supported  in  a  number 
of  bearings  (see  Fig.  4).  The  dynamic  bearing  reactions  are  represented  by 
4  spring  coefficients  and  4  damping  coefficients  (see  Volume  3).  The  rotor 
Itself  consists  of  a  shaft  whose  diameter  may  vary  in  steps  along  the  rotor 
and  on  which  are  fastened  any  number  of  masses  (wheels ,  impellers,  collars, 
etc.).  At  the  centerplane  of  the  alternator  stator,  timevarylng  magnetic  forces 
act  on  the  rotor.  These  forces  may  be  both  forces  and  moments  and  they  are 
directly  proportional  to  the  rotor  amplitudes  and  slopes.  The  forces  depend 
strongly  on  the  type  of  alternator  and  can  be  determined  as  discussed  elsewhere 
in  this  report. 

The  stability  computer  program  is  not  "automatic"  in  the  sense  that  all  that 
is  required  is  to  provide  the  numerical  data  describing  the  rotor  and  the  mag¬ 
netic  forces,  and  then  the  program  will  calculate  if  the  rotor  is  stable  or  not. 
It  must  definitely  be  emphasized  that  it  requires  judgement  and  several  calcu¬ 
lations  to  determine  the  rotor  stability.  A  more  detailed  discussion  of  the 
problem  is  given  in  the  text  of  the  report  ar.d  it  is  necessary  to  read  that 
before  attempting  to  use  the  program. 

COMPUTER  INPUT 


An  input  data  form  is  given  in  back  of  this  appendix  for  quick  reference  when 
preparing  the  computer  input.  In  the  following  the  more  detailed  instructions 
are  given. 
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descriptive  text  may  be  given.  Identifying  the  calculation. 

Card  t2  j{12152  This  Is  the  "control  card"  whose  values  control  the  rest  of  the  Input 
Thus,  In  order  to  understand  some  of  the  items  it  is  necessary  to  refer  to  that 
particular  part  of  the  data  to  which  the  control  number  apply. 

1. NS.  specifies  the  number  of  rotor  stations,  see  "Rotor  Data"  (NS^  100). 

2. NB.  specifies  the  number  of  bearings  (1^  NB  —  10) 

3. KA.  The  absolute  value  of  KA,  | KA) ,  specifies  the  number  of  that  rotor  station 

at  which  the  magnetic  forces  are  applied  (i.e.  at  the  centerplane  of  the  alternator) 

The  program  only  provides  for  one  such  station. 

When  KA  >  0  and  KC  —  0  (see  next  item),  there  are  only  tlmevarying  magnetic  forces 
and  no  moments.  When  KA<  0  and  KC  ^  0,  there  are  only  tlmevarying  magnetic 
moments  and  no  forces.  When  KC  4  -1,  KA>  0  there  are  both  tlmevarying  magnetic 
forces  and  moments.  For  further  details,  see  "Magnetic  Force  data." 

4. KC  KC  is  used  to  specify  the  form  of  the  tlmevarying  magnetic  forces.  When 
KC-0,  the  tlmevarying  magnetic  forces  (KA>  0)  or  moments  (KA  <■  0)  depend  only 

on  the  rotor  amplitudes,  not  on  the  rotor  slopes.  When  KC«1,  the  tlmevarying  mag¬ 
netic  forces  (KA>0)  or  moments  (KA  <  0)  depend  only  on  the  rotor  slopes,  not 
the  rotor  amplitudes.  Finally,  when  KC*-1  there  are  both  tlmevarying  magnetic 
forces  and  moments, and  they  depend  both  on  the  rotor  amplitudes  and  the  rotor 
slopes.  The  reason  for  including  this  control  parameter  is  to  reduce  the  size  of 
tne  stability  determinant  whenever  possible.  For  further  details,  see  "Magnetic 
Force  Data." 

5. NRP  The  program  provides  for  including  the  effect  of  the  bearing  support  pedestals 
whenever  needed.  If  NRP-0,  the  bearing  pedestals  are  rigid  and  no  pedestal  data 

is  required  in  the  input.  Otherwise,  set  NRP«*1  and  specify  the  pedental  data. 
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For  further  details,  see  “Pedestal  Data." 


6.NPD  The  bearings  supporting  the  rotor  nay  be  either  of  the  fixed  geometry 
type  (plain  cylindrical  bearings,  grooved  sleeve  bearings,  ball  bearings, 
and  so  on)  or  they  may  be  tilting  pad  bearings.  If  the  bearings  are  of  the 
fixed  geometry  type,  set  NPD-0.  If  tilting  pad  bearings  are  employed,  the 
absolute  value  of  NPD,  }NDPj ,  specifies  the  number  of  pads  in  the  bearing. 

The  bearing  may  be  oriented  such  that  the  static  bearing  reaction  goes  between 
the  two  bottom  pads  in  which  case  NPD  is  positive  and  equal  to  the  number  of 
pads.  However,  if  the  bearing  is  oriented  such  that  the  static  bearing  reaction 
passes  through  the  pivot  of  the  bottom  pad,  NPD  is  negative  and  equal  to  minus 
the  number  of  bearing  pads.  The  maximum  value  of  )NFD)  is  8.  For  further 
details,  see  “Bearing  Data,  Tilting  Pad  Bearing." 

7. INC.  The  bearing  lubricant  may  be  incompressible  (INC-0)  as  for  oil  bearings 
or  it  may  be  compressible  (INC-1)  as  for  gas  bearings.  The  difference  in  so 
far  as  the  program  is  concerned,  is  that  the  dynamic  bearing  coefficients  with 
a  compressible  lubricant  are  functions  of  the  vibratory  frequency  which  they 
are  not  when  the  lubricant  is  incompressible.  For  further  details,  see  "Bearing 
Data." 


8. NH  For  the  stability  calculation,  the  program  evaluates  the  frequency  response 
of  the  rotor-bearing  system.  Theoretically,  infinitely  many  frequencies  are 
required,  but  in  practice  only  a  limited  number  are  necessary.  These  frequencies 
are  the  half  harmonics  of  the  magnetic  force  frequency  and  Nil  specifies  the 
number  of  the  highest  half  harmonic.  NH  must  be  equal  to  or  greater  than  2  but 
cannot  exceed  20.  NH  should  not  be  made  greater  than  necessary  since  the  computer 
time  is  almost  proportional  to  the  value  of  NH,  and  in  many  practical  cases  sufficient 
accuracy  is  obtained  by  setting  NH-2.  A  more  detailed  discussion  is  given  in  the 
text.  See  also  "Bearing  Data." 

9.  NO  Each  stability  calculation  is  performed  at  a  given  rotor  speed.  With  the  speed 
fixed  the  program  varies  the  gradients  of  the  timevarying  magnetic  forces  over 

a  specified  range  to  determine  when  instability  is  encountered.  The  variable 
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representing  the  magnetic  force  gradients  is  called  .  If  NQ-0,  a  range  for 
Qra£  is  employed,  and  it  is  necessary  to  specify  the  first  and  the  last  value 
of  the  range  and  also  the  increment  by  which  the  range  should  be  covered.  If 
NQftl,  a  list  of  NQ-  values  of  Qref  1*  given.  For  further  details,  see  "Test 
Range  of  Magnetic  Force  Gradients." 

10. NSP  When  it  is  desired  to  Investigate  several  speed  ranges  for  the  same  rotor 
and  where  either  the  bearing  coefficients  or  the  magnetic  forces  change  from 
speed  range  to  speed  range,  it  is  convenient  not  to  have  to  repeat  the  "fixed" 
rotor  data  for  each  calculation.  NSP  gives  the  number  of  such  speed  ranges. 

The  input  data,  starting  from  "Speed  Data,"  must  be  repeated  NSP  times.  NSP 
can  be  any  positive  value  desired. 

11.  ND1A  If  NDIA-O,  the  program  output  will  be  limited  to  giving  the  value  of 
the  two  stability  determinants  as  a  function  of  Qre£  for  each  rotor  speed.  In 
general,  this  should  be  adequate.  However,  in  some  cases  it  may  be  desired  to 
study  the  behavior  of  the  rotor  in  some  detail.  By  setting  NDIA»1,  the  computer 
output  will  also  include  the  impedance  matrices  of  the  rotor  at  each  of  the 
specified  frequencies  and  it  can  be  Investigated  if  any  of  the  harmonics  coincide 
with  a  resonance  of  the  system.  If  NDIA*>-1,  the  output  will  include  not  only 
the  rotor  Impedance  matrices  but  also  the  S^-matrices  employed  in  solving  the 
determinants.  (See  Appendix  IX). 

12 .  INP  If  INP-0,  the  computer  will  expect  to  read  in  a  completely  new  set  of 
input  data,  starting  from  card  1,  upon  finishing  the  calculations  for  the  present 
input  data.  Otherwise,  set  INP-»1. 

Card^jQPSEU^ 

2 

1. YM  YM  gives  Youngs  modulus  E  for  the  shaft  material  in  lbs/inch  .  If 

E  actually  changes  along  the  rotor,  it  should  be  noted  that  the  program  only 

uses  E  in  the  produce  El  where  1  is  the  cross-sectional  moment  of  inertia  of 

rr  4-4 

the  shaft.  Since  I  -  —  (  ),  where  d  is  the  outer  shaft  diameter  and 

(A  '  o 

d^  is  the  inner  shaft  diameter,  any  variation  in  E  can  be  absorbed  by  changing 

d  (see  "Rotor  Data")  . 
o 
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2.  DNST  specifies  Che  velghc  density  of  Che  ehefc  material,  lba/irch"5.  The 
program  convert*  it  into  Che  mass  density  f  -  DNST/ 386. 069. 

.  A 

3.SHM  give*  Che  produce  dG  where  G  te  Che  sheer  modulus,  lba/iuch,  end  d  is 
Che  shepe  fecCor  for  sheer  (for  circuler  cross-sections :  cA  *  0.75) 


RoCor  Deta  (8E9.2  ) 

•■eeeeeeeeeeeeeeeM 


Referring  Co  figure  4,  che  rotor  is  represented  by  e  number  of  scecions  connected 
by  shaft  sections  of  uniform  diameter.  Thus,  rotor  stations  ere  introduced 
wherever  Che  shaft  diameter  changes  (or  changes  significantly).  Also,  there 
oust  be  a  rotor  station  at  each  end  of  Che  rotor,  at  each  bearing  centerline 
and  at  the  centerplane  of  the  alternator  where  the  magnetic  forces  are  applied 
(Station  KA). 

Furthermore,  a  rotor  station  is  introduced  wherever  the  shaft  has  a  concentrated 

mass  which  cannot  readily  be  represented  in  terms  of  an  inner  and  outer  shaft 

diameter  (impellers,  turbine  wheels,  alternator  poles,  and  so  on).  In  this 

way  the  rotor  is  assigned  a  total  of  NS  stations  (card  2,  item  1)  which  are 

numbered  consecutively  starting  from  one  end  of  the  rotor.  There  can  be  a 

maximum  of  lOOstationa.  Each  station  can  be  assigned  a  concentrated  mass 

m  with  a  polar  mass  moment  of  inertia  I  and  a  transverse  mass  moment  of 

P 

inertia  1^  (any  of  these  quantities  may,  of  course,  be  zero).  Also,  each 
station  can  be  assigned  a  shaft  section  with  which  it  is  connected  to  the  following 
station.  This  shaft  section  has  a  length  i  ,  an  outer  diameter  (  4*  an 
outer  diameter  and  an  inner  diameter  d(  .  The  outer  diameter 

(dt  is  used  to  specify  the  stiffness  of  the  shaft  section  such  that  the 

cross-sectional  moment  of  inertia  of  the  shaft  is:  X  =  L  ~  d{  J 

and  the  shear  area  is:  ~  ]  .  The  outer  diameter  (  d,  is 

used  in  calculating  the  mass  of  the  shaft  such  that  the  mass  per  unit  length 
is :  ]  where  ^  is  the  mass  density  (see  card  3,  item  2). 

In  the  computer  input  there  must  be  a  card  for  each  rotor  station  (NS  cards). 

Each  card  specifies  the  7  values  for  the  station: 
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1.  Th«  concentrated  maaa:  a,  lbs.  (aay  bs  zero) 

2 

2.  The  polar  mass  moment  of  Inertia  of  the  station  maaa;  I  lbs-inch  (may  be  zero) 

2 

).  The  transverse  mass  moment  of  inertia  of  the  station  miss;  lj  lbs-inch  (may 
be  zero). 

4.  The  length  of  the  shaft  section  to  the  next  station:  (  ,  inch,  (may  be  zero). 
For  the  last  station,  set  t  -0. 

_5.  The  outer  diameter,  (  cf#  )^,^  of  the  shaft  section,  inch.  (  dt  1* 

used  in  calculating  the  stiffness  of  the  shaft  section  ’  ( d,  0 

For  the  last  station,  set  (  d.  )„.  ,,  -1.0. 

6.  The  outer  diameter,  (  d ,  )  of  the  shaft  section,  inch,  (may  be  zero). 

(  d,  is  used  in  calculating  the  mass  of  the  shaft  section.  For  the 

last  station,  set  (  d.  )„...„  -0. 

The  inner  diamter,  of  the  shaft  section,  inch  (may  be  zero),  d;  is 

used  both  in  calculating  the  stiffness  and  the  mass  of  the  shaft  section. 

For  the  last  station,  set  <i(‘  -0. 

Bear  injg_S  taC  iona_^12  X52 

The  rotor  bearing  station  numbers  at  which  there  are  bearings,  are  listed  in 
sequence.  There  can  be  up  to  10  bearings. 

The  program  provides. for  the  option  that  the  pedestals  supporting  the  bearings 
may  be  flexible.  In  that  case,  dat3  for  the  pedeatais  must  be  given  and  NRP 
must  be  set  equal  to  1  (card  2,  item  5).  If  the  pedestals  are  rigid,  set  NRP-0 
and  omit  giving  any  data  for  the  pedestals. 


When  MKP-1,  eech  beering  la  supported  in  a  "two-dimensional"  pedestal.  The 
pedestal  is  represented  as  two  separata  masses,  each  mass  on  its  own  spring 
and  dashpot.  The  one  maas-spring-dashpot  system  represents  the  pedestal 
characteriatics  in  the  x-direction, (the  vertical  direction)  and  ths  other  system 
represents  the  y-dlrectlon  (Che  horizontal  direction).  There  is  no  coupling 
between  the  two  systems.  In  the  computer  input  there  must  be  one  card  for  each 
rotor  bearing  which  gives  the  6  items  necessary  to  specify  the  pedestal  char¬ 
acteristics: 

1.  The  pedestal  mass  for  the  x-direction,  lbs. 

2.  The  pedestal  stiffness  for  the  x-direction,  lbs/inch 

3 l.  The  pedestal  damping  coefficient  for  the  x-direction,  lbs-sec/inch 

(note:  for  the  bearing  films  the  damping  is  given  in  lbs/inch,  whereas  the 
damping  coefficient  in  lbs-sec/inch  is  used  for  the  pedestals) 

4..  The  pedestal  mass  for  the  y-direction,  lbs. 

5.  The  pedestal  stiffness  for  the  y-direction,  lbs/inch 

6.  The  pedestal  damping  coefficient  for  the  y-direction,  lbs-sec/inch. 

Usually  it  is  desired  to  make  calculations  not  just  for  a  single  rotor  speed 
but  for  a  range  of  speeds.  Even  though  the  bearing  coefficients  and  also  the 
magnetic  forces  are  somewhat  dependent  on  speed,  it  is  convenient  to  be  able 
to  perform  calculations  for  several  speeds  without  having  to  change  the  bearing 
coefficient  data  and  the  magnetic  force  data.  The  present  input  card  allows 
specifying  such  a  speed  range  by  giving  the  first  speed  and  the  last  speed 
of  the  range  and  the  increment  by  which  the  range  should  be  covered.  If 
it  is  desired  to  run  only  one  speed,  let  the  initial  speed  be  equal  to  the 
desired  speed  and  let  the  final  speed  be  less  than  this  value  whereas  the 
speed  Increment  is  set  equal  to  zero.  The  speed  data  card  also  specifies 
the  ratio  between  the  frequency  of  ;he  timevarying  magnetic  forces  and  the 
speed  of  the  rotor.  For  the  4  pole  hotnopolar  generator,  this  ratio  is 
equal  to  2,  and  for  the  heteropolar  generator  under  load,  the  ratio  is  equal 
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Co  the  number  of  rotor  Ceeth.  Finally,  the  epeed  data  card  alao  apeclfiea  thy 
acalef «ctor  for  the  etablllty  determinant •.  Hence,  In  total  the  speed  data  card 
has  five  values: 

1.  Initial  speed  of  speed  range,  rpm 

2.  Final  speed  of  speed  range,  rpm 

_3.  Increment  by  which  the  speed  range  is  covered,  rpm 

£.  Ratio  between  magnetic  force  frequency  and  rotor  speed  (*2  for  the  4  pole 
homopolar  generator,  and  equal  to  tne  number  of  rotor  teeth  for  the  heteropolar 
generator  under  load) 

J5.  Scalefactor  for  the  stability  determinants.  In  order  to  control  computer 

overflow,  each  element  of  the  two  stability  determinants  (i.e.  for  even  and  odd 

indlclee)  is  divided  by  the  product  of  the  specified  scalefactor  and  the  square 

of  the  angular  rotor  speed.  It  is  reconrni-n^ed  to  set  the  scalefactor  equal  to 

2 

the  rotor  mass  (in  lbs-sec  /in)  times  approximately  1/8  the  square  of  the  product 
of  the  highest  harmonic  and  the  magnetic  force  frequency  ratio.  However,  the 
choice  of  scalefactor  in  no  way  influences  the  accuracy  of  the  calculations  and 
if  in  doubt,  set  the  scalefactor  equal  to  1.  If  overflow  is  encountered,  increase 
the  scalefactor. 

Magne t i c_ For ce_ Data 

The  generator  magnetic  forces  are  made  up  of  two  parts:  a  static  component  and 
a  timevarying  component.  Let  the  rotor  amplitudes  at  the  centerpiane  of  the 
alternator  be  x  and  y,  and  let  the  corresponding  slopes  of  the  rotor  be  &  and  Ip 
(i.e.  ,  ?  =  where  z  is  the  coordinate  along  the  rotor).  Then 

the  magnetic  forces  and  moments  acting  on  the  rotor  are  proportional  to  x,y,  ft 
and  ^  .  The  static  components  can  be  written: 

static  magnetic 
forces 

static  magnetic 
moments 

where  Q0  is  the  negative  radial  stiffness  in  Ibs/inch  and  is  the  negative 

angular  stiffness  in  lbs-  inch/radian* 


Tx  -  O'0e 
T1 * f 
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Th«  first  card  of  the  magnetic  force  data  specify  the  two  negative  static 
stiffnesses. 


(1P3E14.6) 

1.  The  negative  of  the  radial  static  stiffness  »  lbs/inch 

2.  The  negative  of  the  angular  static  stiffness  Qt  ,  lbs-inch/radian 

Q#  and  are  positive  values,  and  the  program  assumes  them  to  act  as  negative 
springs.  For  the  heteropolar  generator,  Oj  «0. 


This  card  is  followed  by  several  cards  speficying  the  gradients  of  the  time- 
varying  magnetic  forces  and  moments.  These  fcrces  and  moments  are  written: 


f  <U  d,  da  Q»f 

1**  1*o 

r* 

Qyx  Qff  Qye  Qtf 

1i*  In  In  hf 

H 

•  — Or, „ 

i 

*  cospt)  -  < 

T< 

dx  dj  ds  d# 

1+j  1—  1*  f 

0 

.  Ofx  fys  di 

.  V  9f«r  V  ?f« 

« 

The  units  of  the  gradients  are: 


Ontj  Qxy  t  djit  f  %  ,  $»*  t  fy*  j 

ih 

l^i/ inch 

da  j  df  ,  Qyt  j  df  j  ?*•  ,  1^9,  fyf 

ih 

Us/  rad!** 

dx  j  dj  J  d*  J  ds  /  $•*  j  1+1]  ) 

l'h 

Us-  inch  /inch 

da,  d»f ,  Qfej  Qff  t  1+4 j  ?<pa  jiff 

ih 

Us'i*ch/radia* 

The  program  aearches  for  the  threshold  of  instability  by  varying  a  reference 
value  Q  ,  representing  the  gradients  of  the  timevarying  magnetic  forces 
(see  the  above  equation),  but  the  matrices  themselves  remain  unchanged  in  the 
search  operation.  Thus,  when  Q  ^*1,  the  actual  operating  conditions  of  the 
alternator  is  encountered  (or,  in  general,  when  Q  (  Q*x  »  etc.  is 
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i 

i 

t 


equal  to  the  actual  value.)  j 

The  program  provides  for  five  possibilities:  either  give  the  full  mat 
shown,  or  any  of  the  four  submatrices.  Which  option  to  use  depends  on 
type,  and  it  is  specified  by  means  of  the  two  control  numbers  on  card 
KC  (Item  4)  and  the  sign  of  KA  (item  3).. 

j 

For  the  4  pole  honopolar  generator  or  the  two-coil  Lundell  generator  W 
north  poles  and  the  southpoles  are  in  separate  planes,  the  complete  fo 
matrices  are  used  (see  Appendix  1).  In  that  case,  set  KO-1  and  let  K. 
The  Input  "onslsts  of  8  cards  with  4  values  per  card: 

t. 

(1P4E14.6) 

KO-1.  KA>0 


(L 

% 

Ora 

Off 

fys 

Q«x 

o., 

Qss 

Oaf 

Qft 

Off 

H** 

% 

% 

% 

%f 

9«e 

?ff 

For  the  4  pole  homopolar  generator  it  is  found  by  the  present  analysis 
Qxg  ~%x  whereas  the  remaining  gradie 

For  the  heteropnlar  generator  unc  .r  load  there  are  only  timevarylng  for 
no  moments,  i.e.  only  (?**  j  Qyijj  ^and  are  different  from  zero.  Fur 
Qn~  and  •  In  that  case.  Bet  KOO  and  let  KA  be  positive,  .. 
4  cards  with  two  values  per  card: 


-an  as 

he  generate  : 


re  the 
by  four 
be  positive 


-3  are  zero. 

.  and 
‘■■nrore, 

:  give 
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KC-0.  KA  >  0 

Q*  ^ 

Qk*  0** 


To  Increase  Che  versatility  of  the  program,  there  are  three  additional  possi¬ 
bilities,  If  the  timevarying  magnetic  forces  are  proportional  to  the  slopes 
of  the  rotor  and  there  are  no  moments,  set  KOI  and  let  KA  be  positive, 
and  give  4  cards  with  2  values  per  card: 

flP4E14.6) 


KC-1. 

KA  >0 

Qk6 

Qip 

fa 

fa 

fa 

fa 

If  the  timevarying  magnetic  moments  are  proportional  to  the  rotor  amplitudes 
and  there  are  no  forces,  set  KC-0  and  let  KA  be  negative,  and  give  4  cards  with 
2  values  per  card: 


(1P4E14.6) 


KC-0,  KA  <■  0 


Finally,  if  the  timevarying  magnetic  moments  are  proportional  to  the  rotor 
slopes  and  there  are  no  forces,  set  KC-1  and  let  KA  be  negative,  and  give  4 
cards  with  2  values  per  card: 

(1P4E14.6) 

KOI.  KA  <  0 


Taat^Rania^of^Magnatlc  Fore*  Gradients 

Aa  explained  under  "Magnetic  Fore*  Data"  in  connection  with  eq.  (L.l),  the 
program  aaarchaa  for  tha  thraahold  of  instability  aa  tha  aero  pointa  of  two 
datarainanta  by  varying  a  paraaatar,  Q  which  rapraaenta  the  gradlenta 
of  tha  tiaevarylng  magnetic  forcaa  and  momenta.  Tha  actual  gradient  are 
equal  to  their  raapectlva  input  valuaa  times  Q  Thus,  the  input  value8 
for  tha  gradienta  can  be  aat  equal  to  any  value  proportional  to  tha  actual 
gradlenta  aa  long  as  tha  proportionality  factor  i.a  the  same  for  all  the 
gradients,  and  when  Q  ^  equals  this  proportionality  factor,  the  actual 
operating  condition  of  tha  generator  is  encountered.  In  performing  the  sta¬ 
bility  calculation,  Qraji  should  in  general  be  allowed  a  much  wider  range  than 
the  one  corresponding  to  the  actual  generator  operating  condition.  The  range 
of  Qr0f  can  be  specified  in  two  ways  in  the  input.  If  NQ-0  (card  2,  item  9) 
an  initial  value  and  a  final  value  of  Q  ^  is  specified  together  with  an  in¬ 
crement  by  which  tha  program  covers  the  specified  range.  Give  one  card  with 
3  values: 

(1P5E14.6) 

1.  Initial  value  of 

2.  Final  value  of 

3.  Increment  of  Qr#j 

If  NQ  A  1  (card  2,  item  9),  the  stability  determinants  are  evaluated  at  speci¬ 
fied  values  of  Qr#f  Give  a  total  of  NQ-values  of  Qre£  with  5  value*  per  card 
according  to  tha  format’  (1P5E14.6). 

Bearing  Data.  Fixed  Geometry 

■(■atmsiai  ■■■■■■•■aweenaeeaeenea 

When  the  bearings  supporting  the  rotor  are  not  of  the  tilting  pad  type,  set 
NPD-0  (card  2,  item  6).  Then  the  dynamic  reaction  for  each  bearing  is  repre¬ 
sented  in  terms  of  8  coefficients.  In  other  words,  introduce  a  fixed  x-y- 
coordinate  system  with  origin  in  the  steady-state  position  of  the  journal 
center,  and  let  the  corresponding  Journal  amplitudes  be  x  and  y.  Then  the 
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bearing  reaction*  F,  and  are: 

X  “  8XX  Jjf  “  k'xy  “  Bx^  *jj|  (I  2) 

^  3  "’fy*  x  -  Btp  ^  if  -  Bifif  jj 

where  the  K's  represent  the  bearing  film  stiffness  and  the  B's  represent  the 
damping.  Values  for  typical  bearings  are  given  in  Volume  3  and  Volume  4. 

If  the  bearing  lubricant  is  incompressible  (INC-0,  card  2,  item  7),  there  must 
be  one  card  for  each  bearing  (i.e.  a  total  of  NB  cards,  see  card  2,  Item  2). 

On  each  card  are  8  values: 


(8E9.2) 

1. 

- 

spring  coefficient,  lbs/lnch 

2. 

(o  B„  * 

damping,  lbs/inch 

3. 

Spring  coefficient,  lbs/lnch 

4. 

Damping,  lbs/inch 

5. 

K.,*  * 

spring  coefficient,  lbs/inch 

6. 

coBj,  - 

damping,  lbs/inch 

7. 

KW  “ 

opring  coefficient,  lbs/inch 

8. 

(oB„- 

damping,  lbs/lnch. 

Here,  Co  is  the  angular  speed  of  the  rotor  in  radians/sec. ,  or,  in  other  words, 
the  four  input  values  for  damping  gives  the  total  damping  at  one  per  revolution, 
not  the  damping  coefficients.  This  is  in  accordance  with  the  way  these  coefficients 
are  calculated  from  lubrication  theory  (see  Volume  3) . 

If  the.  bearing  lubricant  is  a  gas  and,  therefore,  compressible,  set  INC-1 
(card  2,  item  7).  Then  the  8  bearing  coefficients  become  functions  of  that 
frequency,  V  ,  with  which  the  rotor  vibrates  (the  effect  of  squeeze  number.) 

In  calculating  the  stability  determinants,  the  program  calculates  the  rotors 
frequency  response  for  as  many  frequencies  as  specified  by  the  number  of  harmonics 
and,  thus,  it  is  necessary  in  the  input  to  give  the  8  bearing  coefficients  at 


-  148  - 


these  frequencies.  Let  the  tiaevarying  magnetic  forces  have  eh*  frequency  XI 
radlana/aec  (the  ratio  ££  la  given  on  the  "Speed  Date"  card,  item  4).  Then 
It  le  necessary  to  evaluate  the  8  bearing  coefficient*  for  (Nttff) -frequencies 
(NH  la  given  on  card  2,  Item  8).  These  frequencies,  V  ,  are: 


,  f  a 


(L.3) 


where  ^  Is  given  by  item  4  on  the  "Speed  Data”  card.  It  should  be  note^, 
that  when  V  is  different  from  Co  ,  the  "  u>  "  in  the  four  damping  values, 
CuBxy  jtuByy  t  Co  Btj*  and  CwB^  ,  Is  still  the  angular  speed  of  the  rotor. 


Hence,  for  a  compressible  lubricant  give  (NH+l)-carda  per  bearing  where  each 
card  contains  the  values  of  the  8  bearing  coefficients  according  to  the  same 
format  as  given  above  for  an  incompressible  lubricant.  The  first  card  Is  for 
oo  "  0  and  the  last  card  for  cu  “  ^(c)* 


In  this  way,  there  will  be  a  total  of  NB  •  (NH+1)  cards  with  data  for  the  bearing 
coefficients. 


When  the  bearings  supporting  the  rotor  are  tilting  pad  bearings,  set  NPD  equal 
to  plus  or  minus  the  number  of  pads  (card  2,  item  6).  The  program  assumes  that 
the  pads  are  arranged  symmetrical  with  respect  to  a  vertical  axis  so  that  the 
bearing  operates  with  zero  attitude  angle.  Hence,  pads  opposite  each  other  operate 
under  the  same  conditions  and  have  the  same  dynamic  coefficients,  and  it  would 
be  superfloua  to  repeat  the  same  input  for  two  pads.  The  program  is  set  up  to 
avoid  such  repetition  of  input.  Furthermore,  the  tilting  pad  bearing  may  be 
oriented  In  two  ways.  Either  the  static  bearing  load  passes  between  the  two 
bottom  pads  or  the  load  passes  through  the  pivot  of  the  bottom  pad.  In  the 
first  case,  set  NPD  equal  to  the  total  number  of  pads.  In  the  second  case, 
set  NPD  equal  to  minus  the  total  number  of  pads  (i.e.  the  number  of  pads  is 
equal  to  jNPD|).  For  each  bearing  the  program  requires  input  for  NPD1  number  of 
pads : 
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Zf  NPD  is  positive  (load 

If  MFD  is  negative  (load 

Thus,  for  a  four  shoe  bearing  where  the  pivots  are  45  degreee  frost  the  vertical 
load  line,  HPD-4  and  NPD1-2.  For  a  three  ahoe  bearing  vhara  the  vertical  load 
line  passes  through  the  pivot  of  the  bottom  pad,  NPD— 3  and  NP01-2. 

Each  pad  fils  is  represented  by  8  dynamic  coefficients  as  defined  by  eq.  (L.2). 
However,  here  the  x-axls  passes  through  the  pivot  and  the  y-azla  is  perpendicular 
to  the  x-axls.  The  origin  of  the  x-y-system  changes  from  pad  to  pad. 

For  each  bearing  there  must  be  data  for  NPD1  pads.  The  first  card  for  a  pad 
specifies  the  mass  moment  of  Inertia  of  the  pad,  the  mass  of  the  pad,  the  radial 
stiffness  of  the  pivot  support  and  the  angle  from  the  vertical  load  line  to  the 
pivot  point: 

(1P5E14.6) 

1.  The  mass  moment  inertia  of  the  pad  with  respect  to  the  pitch  axis  divided  by 
the  square  of  the  journal  radius,  lbs.  The  pitch  axis  is  the  axis  parallel  to 
the  rotor  axis  through  the  pivot  point. 

2.  The  mass  of  the  pad,  lbs. 

3.  The  radial  stiffness  of  the  pivot  and  its  support,  lbs/lnch. 

4.  The  angle  from  the  static  bearing  load  line  to  the  pivdt  of  the  pad,  degrees. 

Then  follows  a  card  with  the  8  pad  film  coefficients: 

(8E9.2) 


1. 

lbs /inch 

2. 

lbs/inch 

3. 

Ky * 

lbs /inch 

4. 

<oB*y 

lbs/inch 

b.„.„  ■  "“ft1,™ ,, 

F  \  NPD  odd,  NPD1-1/2*  (NPIH-1) 


on  pad) 


NPD  even,  NPD1-1/2* fapDf+l 
NPD  odd,  NPD1-1/2‘(£nPD|>1) 
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0 


3. 

*4* 

lbs/inch 

6. 

CuByr 

lbs/inch 

7. 

*11 

lbs /inch 

8. 

lbs/inch 

If  the  lubricant  la  incompressible  (i.e.  INC-O,  card  2,  item  7) ,  there  la  only 
one  card  per  pad  vith  ■  bearing  coeff iclenta.  However,  if  the  lubricant  ia 
compressible  (INC-1),  there  must  be  (NH+1) -cards  per  pad  vith  coefficients 
(for  explanation,  see  "Bearing  Data,  Fixed  Geometry”).  Thus,  for  each  pad  there 
are  either  2  input  cards  or  (NH+2)  input  cards.  Since  the  program  requires  data 
for  NPDl  pads,  there  are  either  2* NPDl  or  (NBf2)*NPDl  cards  per  bearing.  With 
NB  bearings,  the  total  bearing  data  input  requires  2*NPD1*NB  cards  if  INOO, 
or  (N!H-2).NPD1*NB  cards  if  INC-1. 

COMPUTER  OUTPUT 

Referring  to  the  later  given  calculation  where  the  output  from  the  computer  is 
shown,  it  is  seen  that  the  program  output  denotes  the  first  couple  of  pages  to 
*  listing  of  the  input  values.  Thereby  any  errors  in  the  input  are  readily 
spotted.  The  input  values  are  listed  in  the  same  sequence  as  the  one  in  which 
they  are  given  to  the  program.  The  only  input  data  which  are  not  repeated,  is 
the  card  specifying  the  speed  data  and  the  card  (or  cards)  specifying  the  test 
range  of  the  magnetic  force  gradients. 

After  the  listing  of  the  input  data  follow  the  results  of  the  calculations. 

For  each  rotor  speed  there  will  be  a  3-column  list.  The  first  column  lists  the 

reference  values  of  the  magnetic  force  gradient  (i.e.  Q  ).  It  is  labeled 

rst 

"QXX"  in  the  output.  For  each  value  of  Qre^,  the  values  of  the  two  stability 
determinants  are  given.  The  first  determinant,  labeled  "EVES  DETERM.",  is  the 
stability  determinant  for  even  indices  (see  eq.  (J.25),  Appendix  IX), and  the 
second  determinant,  labeled  "ODD  DETERM.'"  is  the  determinant  fir  odd  indices  (see 
eq.  (J.28),  Appendix  IX).  Usually,  the  odd  determinant  is  the  one  of  greatest 
Interest.  It  is  the  one  that  defines  the  instability  zones  centered  at 
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2;  I  (  f  i  ?  /  - (Ji  is  th*  frequency  of  the  aegnetlc  forcee  and 

Uncritical  represents  the  critical  speeds  of  the  rotor-bearing  system).  It  the 
speed  of  the  rotor  is  U>  ,  these  instability  zones  are  centered  at: 


-ir 


21 


where  (^)  is  the  fixed  ratio  between  the  magnetic  force  frequency  and  the  rotor 
speed,  specified  in  the  input  (see  I tea  4,  "Speed  Data").  Of  these  instability 
zones,  the  first  one  is  by  far  the  most  important  except  in  very  unusual  circum¬ 
stances.  • 


The  even  determinant  defines  the  instability  zones  centered  at: 


II 

i 

I 

i 

T 

i 
i 

Whenever  one  of  the  two  determinants  is  zero,  the  corresponding  value  of 
defines  a  point  on  a  boundary  between  a  stable  zone  of  operation  and  an  unstable 
zone.  The  results  do  not  indicate  on  which  side  of  chis  boundary  the  system  is 
stable  or  unstable.  Hence  it  is  necessary  to  perform  calculations  at  sufficiently 
many  rotor  speeds  to  make  it  possible  to  draw  up  a  stability  map  in  the  neighborhood 
of  the  operating  speed. 


w"  (8) 


SAMPLE  CALCULATION 


To  illustrate  the  use  of  the  stability  computer  program,  a  four  pole  homopolar 
generator  with  a  turbine  drive  has  been  examined  for  stability.  The  rotor  bearings 
are  gas  lubricated,  and  with  a  bearing  stiffness  of  approximately  200,000  lbs/lncb. 
The  first  three  critical  speeds  are  at  14,700  rpm,  16,000  rpo  and  34,630  rpm. 
Because  of  the  change  in  stiffness  with  frequency,  these  critical  speeds  are  not 
the  same  for  all  harmonics.  Calculations  are  performed  over  a  speed  range  of 
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10.300  rpa  to  20,300  r pa  in  increments  of  1,000  rpm  «ad  ths  magnetic  totem  gradi¬ 
ent  ranges  froa  0  to  1,000,000  In  Increments  of  10,000.  The  resulting  stability 
nap  is  shown  in  Figure  20  .  Three  stability  boundaries  are  well  defined,  labeled 
1,  2  end  3,  respectively.  Boundaries  1  and  2  derive  fron  scro-pcints  of  the 

odd  determinant  and  are  centered  around  the  first  and  the  second  critical  speed 
such  that  the  rotor  le  unstable  for  operation  between  15,200  rpa  end  18,000  rpa. 

At  the  boundaries,  the  determinant  actually  croasee  aero  and  the  program  then 
automatically  Interpolates  to  find  the  accurate  value  of  Q  ^  at  which  the 
determinant  becomes  zero.  Boundary  No.  3  derives  from  zero  points  of  the  even 
determinant.  In  the  output  this  determinant  is  never  exactly  zero  but  it  is 
readily  seen  that  the  determinant  has  a  minimum  point  whose  value  Is  equal  to 
zero  considering  the  numerical  accuracy  of  the  computation.  In  addition,  discrete 
points  of  another  boundary,  labeled  4  In  the  map,  have  been  obtained  at  10,300  rpm, 

11.300  rpm  and  12,300  rpm.  They  derive  from  the  zero-points  of  the  odd  determi¬ 
nant  (the  determinant  has  a  minimum  at  these  points) .  They  are  probably  Induced 
by  excitation  of  1/3  of  the  third  critical  speed  in  which  case  they  would  define 
an  instability  zone  centered  at  11,540  rpm,  but  more  detailed  calculations 

are  needed  to  obtain  a  closer  definition  of  this  zone. 

When  the  bearings  are  assigned  their  proper  damping  values  it  will  be  found  that 
all  the  stability  boundaries  move  upwards  In  the  stability  map  such  that,  as  an 
example,  the  two  branches  of  boundary  1  meet  and  no  longer  reach  the  abscissa 
axis.  However,  if  tbe  rotors  operating  speed  is  within  any  of  the  Indicated 
Instability  zones,  although  the  bearing  damping  may  stabilize  the  rotor,  the 
stability  margin  must  be  considered  small,  and  even  if  the  rotor  is  not  exactly 
unstable,  the  system  is  "weak"  in  the  same  sense  as  a  system  operating  at  its 
natural  frequency  whose  amplitude  is  controlled  solely  by  the  damping  available 
in  the  system.  Therefore,  operation  within  the  instability  zones  Indicated 
in  Fig.  20  should  be  avoided. 
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INPUT  FORM  FOR  COMPUTER  PROGRAM 
STABILITY  OF  A  ROTOR  WITH  TIME VARYING  MAGNETIC  FORCES 


Card  1  (72H) 


Card  2  (1215) 


1.  NS  - 

2.  NB  - 

3.  KA 


4.  KC 


5.  NRP 


6.  NPD 


7.  INC 


8.  NH 

9.  NQ 


10.  NSP  - 

11.  NDIA 


12.  INP 


Number  of  rotor  stations  (NS  <  10) 

Number  of  bearings  (NB^IO) 

]RA| -Rotor  station  number  at  which  magnetic  forces  act 
KA>0:  forces  only,  no  moments  ^ 

KA<0:  moments  only,  no  forces  J 
KA>  0,  KO-1:  both  forces  and  moments 

KO0:  the  magnetic  forces  or  moments  are  proportional  to  amplitudes 
KOI:  the  magnetic  forces  or  moments  are  proportional  to  slope 
KO-1:  there  are  both  magnetic  forces  and  moments 
NRP-0:  bearing  pedestals  are  rigid,  no  pedestal  Input  data 
NRP-1:  flexible  bearing  pedestals,  pedestal  Input  data  required 
NPD-0:  fixed  geometry  bearings 

NPD^l:  number  of  pad3  In  tilting  pad  bearing,  load  between  pads 
NPD4-1:  |HPD|*number  of  pads  in  tilting  pad  bearing,  load  on  pad 
INOO:  bearing  lubricant  Is  incompressible 
INOl:  bearing  lubricant  is  compressible 
Number  of  frequency  harmonics  in  stability  calculation  (2^NH^20) 
NQ-0:  give  range  of  Qref  program  increments 
NQ^  1:  give  NQ-values  of  Qre£ 

■  Number  of  speed  ranges  with  accompanying  data  (NSP  •» 1) 

NDIA-0:  rotor  impedance  matrices  not  included  in  output 
'1:  rotor  impedance  matrices  included  in  output 
—1:  diagnostic 

INP-0:  more  input  follows,  starting  from  card  1 
INP-1:  last  set  of  Input  data 
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Card  3  OP5E14.6) 

1*  YM  •  Youngs  modulus  for  shaft  material,  lbs /in* 

2.  DUST  -  Weight  density  of  shaft  material,  Ibs/la* 

2 

3.  SHM  -  a  G,  where  G  is  shear  modulus,  Ibn/in  ,  and  ef  is  shape  factor 
for  shear. 

Rotor  Data  (8E9.2) 

Give  NS  cards  with  7  numbers  on  each  card: 

1.  Mass  at  rotor  station,  lbs. 

2 

2.  Polar  mass  moment  of  inertia  at  rotor  station,  Ibs-in 

2 

3.  Transverse  mass  moment  of  inertia  at  rotor  station,  lbs*in 

4.  Length  of  shaft  section  to  next  station,  inch 

5.  Outer  shaft  diameter  for  cross-sectional  moment  of  inertia,  inch 

6.  Outer  shaft  diameter  for  shaft  mass,  inch 

7.  Inner  shaft  diameter,  inch. 

Bearing  Stations  (1215) 

List  the  rotor  stations  at  which  there  are  bearings,  in  total  NS  stations 
Pedestal  Data  (8E9.2) 

This  data  only  applies  when  NRP-1  (card  2,  it  •an  5).  Give  a  total  of  NB  cards 
with  6  values  per  card: 

1.  Pedestal  mass,  x-direction,  lbs. 

2.  Pedestal  stiffness,  x-direction,  lbs/inch 

3.  Pedestal  damping,  x-direction,  lbs-sec/inch 

4.  Pedestal  mass,  y-direction,  lbs. 

5.  Pedestal  stiffness,  y-dlrectiont lbs/inch 

6.  Pedestal  damping,  y-direction,  lbs-sec/inch 

Note:  The  following  data  must  be  repeated  NSP-times  (Card  2,  Item  10) 
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Speed  Data  (1P5E14.6) 

Give  one  card  with  5  values: 


1.  Initial  speed,  rpa 

2.  Final  speed,  rpa 

3.  Speed  Increment,  rpa 

4.  Xatio  of  magnetic  force  frequency  to  rotor  speed 

5.  Scale  factor  for  determinant  (set  equal  to  mass  of  rotor) 

Magnetic  Force  Data 
Card  (1P5E14.6) 

1.  Static  gradient  of  magnetic  force,  (J6  ,  lbs/in 

2.  Static  gradient  of  magnetic  moment,  Qg  ,  lbs-inch/radian 

Cards  (1P4S14.6) 


a.  If  KO-1  (card  2,  item  4),  give  8  cards  with  4  values  per  card: 

Qy  Q* 0  Qxf 

^BX  Qse 

°t*  °ti  Q*  %r 

1*-  1*i  1**  1*f 

h*  In  If  hr 

1*X  ?e  y  4—  Imf 

It*  Itl  If*  Iff 

These  are  the  gradients  of  the  timevarying  magnetic  forces  and  moments: 

®**fi*ii®i*/Qiit1**/1*ii9i*/1ii  in  lbs/lnch 

0*.,  Qxf ,  fy*  1  fyf,  1x9 1  hfj  If,  Iff  in  lbs /radian 

Qoxfiaf,  ^fxfifftlax^ftlfxtlff  in  lbs-inch/inch 

in  lbs-inch/radian 


b.  If  £00,  |lra  4  card*  with  2  values  par  card 


U>  0 

tk< 

JO 

Q* 

r 

Or 

0„ 

% 

% 

Oft 

<4r 

% 

in 

*•» 

h* 

hi 

tn 

c.  If  XC-1,  give  4  cards  with  2  values  per 

card 

KA>Q 

XA< 

_0 

Qm 

Oxf 

4m 

o.r 

Q1f 

Of. 

U 

Iff 

hr 

ht 

Teat  Range  of 

Magnetic 

Force  Gr  dients  (1P5E14.6) 

a.  If  NQ-0  (card  2,  it*m  9);  Give  1  card  with  3  values: 

1.  Initial  value  of 

2.  Final  value  of  ()  ^ 

3.  Incremenr  of  Q  , 

ref 

b.  If  8Q^  1:  Give  cards  with  5  values  of  Qre£  per  card,  total  NQ-va 
Bearing  Data.  Fixed  Geometry  (8E9.2) 

Applies  when  NPD-0  (card  2,  item  6).  If  the  lubricant  is  incompressi 
card  2,  item  7),  give  one  card  per  bearing.  If  the  lubricant  is  comp 
(INC-1),  give  (NH+l)-cards  per  bearing  (NH  is  item  8,  card2).  Each  a  ' 
a  set  of  8  bearing  coefficients: 

1.  Spring  coefficient  lbs/inch 

2.  Damping  Co  BKlt  }  lbs/inch 

3.  Spring  coefficient  X  ,  lbs/inch 

a  xy 

4.  Damping  CJDxy  ,  lbs/inch 


(ISOO; 

;ible 

gives 
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5.  Spring  coefficient  K  ,  lb* /inch 

6.  Damping  to  B  y* ,  lb*/ inch 

7.  Spring  coefficient  Kyj,  lbc/lneh 

8.  Damping  ,  lb*/ inch 


Ba*ring  Data.  Tilting  Pad  Bearing 

Applies  when  NPD  £  0  (card  2,  Item  6).  Define  the  number  NPD1  by: 


if  NPDi>l  (load  between  pads):  /  *'ien 

*  i  NPD  odd,  then: 


NPD1-1/2*HPD 
NPD3.-1/2  *  (NPDfl) 


✓ 


if  NPD 4-1  (load  on 


| NPD]  even,  then: 
1NPDI  odd,  then: 


NPD1-1/2  *|NPD) 
NPDl-1/2  •(  jNPDf  +1) 


NPD1  1*  the  number  of  pads  for  which  Input  is  required  per  bearing.  If  the  lub¬ 
ricant  1*  Incompressible  (INC-0;  card  2,  item  7),  give  two  cards  per  pad.  If 
the  lubricant  is  compressible  (INC-1),  give  (NH+2)-cards  per  pad.  In  either 
case  the  first  card  Is: 


(1P5E14.6) 

1.  Pitch  mass  moment  of  Inertia  divided  by  the  square  of  the  journal  radius,  lbs 

2.  Pad  mass,  lbs 

3.  Radial  stiffness  of  pivot  support,  lbs/inch 

4.  Angle  from  bearing  load  line  to  pivot  point,  degrees. 


Then  follow  1  card  if  INC-O,  or  (Nfrtl)-cards  if  INC-1,  with  the  8  dynamic 
coefficients  for  the  pad: 

Cards  (8E9.2) 

1.  Spring  coefficient  K  ,  lbs/inch 

2.  Damping  wB**,  lbs /inch 

3.  Spring  coefficient  K  ,  lbs/inch 

4.  Damping  CoB*y,  lbs /inch 
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5.  Sprla*  coefficient  lb* /Inch  -  ^  .  * 

6.  Duping  <»>8y*t  lbs/lnch  ,  , .  5  « r  ^  - 

1.  Spring  coefficient  K^,  lb* /inch  ;n,w  5r> ; ,  - \ 

8.  Duping  lb*/ inch  ...,  r  ,  L'-V-, 

Th*s*  (NH+2)-c*rd*  must  b*  repeated  NPD1  elms*  per  bearing,  end  there  must  be 
one  complete  set  for  each  bearing  (there  are  NB  bearing*). 


07/01/ 47 


.  »  v 

i  :  i  *  y 

SBlVlUOIf BZf  1031  #0  31  1031  #0*1  iOlJVf  031  1UU f #061  iOOf  #OM  1001  # OBI  1001  t  .  ^  *  *  '  '•  i, 

489(100) *B10( 10 3  )*PHX( 10  ),PKX( 1C) ,P0X( 10)  ,  PMY( 101 »PKY(10) ,PCY(10)  t  ; 

5SXX(iO),OXX(10),SXY(10>,DXY(10>»SYX)lO),DYXUO>,SYV(lO),DYYU0>*  -  f 

6QLST 1 200 ) ,LB( 13 ) * tMXA( 100 ) » R IT ( 100  > 

DIMENSION  BKXX( 13 , 21 > , RCSX ( 10,2 1 ) , BKXY ( 10, 21 > , 8CX Y( 10,21 ) , 

1BKYX( U, 21 I ,BCYX( 10,21 >,BKYV( 10*21 I.BCYYI 10,21) ,PMINI 10, 5), 

2PA0M(10,5)  (PACK 1 10,  5)»PANG(  10, 5) ,OEVN( 8,8 ) ,OEDO(  8*8)*CMR(4,8I» 

3CME(4,8),AMR(8,8>,AME(8,8),WR{8,8),NE(S,8),NA(j8,8),M8(4,4), 

4MCC{ar,llfUAia,a>,UEC8,8l,£NA(4,4),EMEI4.4).MCl4,4),MSQ(4,4) 

DIMENSION  PKXX(10,S,21),PCXX(10,S,21),PKXY(10,5,21), 
IPCXYI10.5,21>,PKYX(10,5,21l,PCYXI10,5,2ll,PKYYI10#5f2lIt 
2PCYYU3,5,21).CR(4,4.2l)»GE(4,4,21) 


WRITE  (6,991  t 

190  READ  15,1001  2 

REAO  (5,1011  NS,  .NO,  XA,  KC,  NAP,  NPO,  INC,  NH,  NO,  MSP,  NOIA,  1NP  3 

REAO  (5,1021  YN»  CNST,  SHN  1* 

MR  ITE ( 6, 100 )  17 

MRITEI6, 1 03 i  18 

MRIT£(6»104)NS,N8»KA*KC*NRP,NPD, INC,NH,N0,NSP,NOIA,  INP  19 

MRITE(6, 105)  20 

MR1TEI6, 102)YP,0NST*SHM  21 

ONST* CNST/ 386.069 


ONE 


-  CPN  SOURCE  STATEMENT  -  ffNI.SI  - 


C  3-14-47  J.LUNO  MECHANICAL  TECHNOLOGY  INC. 

C  PN351-AOTOA  STABILITY  WITH  MAGNECTIC  FORCES 

DIMENSION  RM( IOC ) ,R IP( 100) ,RL ( ICO  I ,RS( 100) ,RW( 100! ,80(1001 , 
1DVXA( 100),0VX8( ICO) ,0VXC( 100) ,0VX0( 100) ,DVYA( 100) .OVYB(lOO) , 
20VYC ( 100 ) ,0VYC( ICO ) ,0VUX( 100) ,0VllY ( 100 ) ,0MUX( 100) «OMUY(10O) , 


NSl-NS-l 

NHl-NH+l 

IF (KC (  196,195,195 

195  KQl*4 

KQ2-2  ) 

KQ3-6  .  ! 

GO  TO  197 

196  KQ1»8 
KQ2-4 
KQ3-8 

197  IF(KA)  198,199,199 

198  KB— KA 

GO  TO  200 

199  KB*KA 

200  MRITE(6, 110)  37 

MRITE (6, 108 )  38 

00  203  J*1 , NS 

READ  (5,106)  RM(J),  RIP(J),  RIT(J),  ALU),  AS(J>»  AW(J),  AD(J)  41 

WR!TE(6,107)J,RM(J),AIP(J),AIT(JI,RL(J),RS(J),RM(J) ,RD(J>  49 

RM(J)«AM(J)/306.Cfc9 

RIP( J)«RlP(J)/386.069 

RIT(J)*RITIJ)/386.069 

Cl-0.049087385*YM*iRS( J)**4-R0( J)**4) 

RM(J)»0.78539816*ONST*(RW(J)**2-RD( J)**2) 

C2»l.5707963*SHM*(RS( J  )  **2-R0U )  **2 ) 

RS(J)»C1 

IF(C2 )  202,202,201 

201  AD(JJ«C1/C2 
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wi-»u 


"  V"  ^owce  STATCMCNr .umttt 


60  TO  203  ' 

*«J  A0(j)*0.0 

Ml  CONTINUE  -•!'  i  '  '•*  t*M  ;«> 

WRITE (6* 109 I  ■  ■  v-  **  1  r 

IFtMAP)  210,210,204  ’  r  ... 

M4  WRITE(4,H1)  *•''•-  '  •  ’=•• 

WAITE 14, 112)  .  ■'  • 

00  201  J-l.NB  ‘  '  — ■■■  1  - 

5«  f  re  *  J  •  *  or  1 1 S7  J »  ^pAx  c  3 » !  pkx  t  j  J  *  *  PKY,Jt*  wut 

.  210  IF(NPO)  214,217,211  / 

s*  mbt™ 

WP02*-2 
CO  TO  21T 

213  NPD1*(npo«1|/2 
NPD2—1 

CO  TO  217 

214  NP01»N?0 

a.  {toSSum* N"m  2**’»s-»5 

NP02-0 
CO  TO  217 

214  WPDl»(NP01*l )/2 
NP02-1 
217  WSP1-1 

as  ;nT«rN-  *«•  «■ 

WRIT£(6, 113) 

WAIT£(6,114) 

WAITE  C6» 102)02*  OZP 
WA1TE(6*115) 

00  218  1*1, KQ2 

15*133)  ( WQ( I  * J ) * jaj  x02) 

».  . *•«" 

WAITEI6* 126) 

00  219  I-1.KQ2 

A£40  (5,133)  (WSO( t,J),j.i ,*021 

a.  ssssas4"”—*  «•«•  AIcBT 

231,231,232 

60  TO  23 3°21  aSTf  QF"»  0,NC 
?!A0  ,5*102»  (OLST(J), J*1,MQ) 

233  $FR1*0.0S2359878*SFR 
WAITEI6, 116 ) 

,A,  Jf‘*WC)  242,241,242 
— 241  Kl*l 

CO  TO  243 
-242-CUL-WH1 
243  00  255  J*1,NB 


07/03/6? 

r  \.  /•<#«*  »  .  4,  . 


;  <:  r  •'*1  >  -  '■  "'3  ■  '■ 

',%;v  5"  '  J9 

If  • 
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OT/31/it 


Mir£(«,tlTIU>(j) 

411  ’51,244,250  -  . 

244  w»irc(6,xn» 

00  245  I-|,R1 

IFUHC)  255,246,255 

246  00  247  .1-2, NH1 
RKXX ( J, I laQKXXI J,l) 

BCXX I J, 1 )  -BCXX I J, 1 ) 

<JKXY(J,|  »«BKXY(  J,U 
BCXV  (  J,  I  1*60X71  J,'l| 

BK7XIJ,I|«8xyxrj,U 
BCrxi  j,i  )*acvxi  j,u 

8K7YI  J,I)»BKYY|  J,l> 

247  BCYVJ J,l |*bCY7( J,l) 

GO  70  255 

253  00  254  K*1,NPC1 
WRIT6I6, 119)K 

WRITE (6* 123 1 

j.k>/3b6.069 

“A^tGi  J  *  K  I»06J17^532)3*P^CI  J*K  I 

W*ir£(6,U8l  '  1 

00  251  1-1, K1 

iJKJu?;}?*!  PKIJ liSIlj/gK/S;*!;  1 : rcicvf 

251  *  *  *  *  ^******^**^***^***  *  i*  *  ***pcxy(j,k,u, 

IFIINCI  254,252,254 

252  00  253  1-2, NHl 

|»KXX<J,K,n*f»xxx(j,K,l) 

6CXX (J,K,I)*PCXX<J,X,1) 

PKXY( J,«, (|-PKXY( J,K,1 J 
PCXY(J,X,I)-PCXV(J,X,1) 

WCYXl J.K, I )«PKYX( J,K,1 ) 

PCYXI J»K, I 1 -PCYX ( J,K, 1 1 
RR7Y(  J,K,  I  I-PKYYt J,x,l ) 

253  PCYY(J,K,I|«pCYY(jrKtl) 

254  CONTINUE 

255  CONTINUE 
SP0-5PST 

260  WRITE(6,121 ) SPD 

SCF1 -0. 1 0471976 *SPO 
SCF1-SCF*SCF1*SCF1 

00  519  IH-l.NHl 

NF-fH-l 

MN-NF 


me 


-  FRO»MMSPO*SFR1 
FQ2-FRQ*FRQ 
NN1-HN/2.0«$FR 
IF(NOIA)  401,402,401 

401  WRITE (A, 122 INF,  FRQ 
WRITE  16,123 1 
WRITEI4, 124) 

402  00  425  J-1,NB 
IFINFOI404, 403,404 

*05  01-BXXXf  J, in) 

02-BCXX t  J, IH)*HN1 
03-SKXYC  J, IH) 

D4-BCXYCJ,IHI*MN1 
05-BKVX(  J, IH) 

06-BCVX|J,IH)*H*l 
07-BKYYI J, IH) 

0B-8CYYC J,IH)«HN1 
CO  TO  416 
404  01-0.0 

02-0.Q 
05-0.0 
04-0,0 
05-0.0 
06-0.0 
07 -0.0 
OB-0.0 

00  415  I-1.NPC1 
Cl-FQ2*PMlN(j,|j 

A1-FKXX(J,!,1H) 

*2»PCXX( J, I, ih)»hNI 
A3-PKXY|J,I,IH) 

44-PCXYI J , I , I h ) »HN1 
*5-FKYX|J,I,IH| 

46- PCYX) J, I, IH) *HN1 

47- FKYY(J,I,lH) 

_  AB-PCVYI J,I, 

C2-A7-C1 

C3-PACKI J, 1 1— FQ2*P40HC  J, 1 ) 

C4«A1*C3 

C5-C4*C2-A2*A8-A3*A5*A4*A6 

«  *C2  *  A2  *  A  3  *A*“*  5  *** 

C7-C5*C3*C6*C6 

C11R-C3*(C5*C2*C6««8)/C7 

5?i»"C3*,C5*A8"C6*C2,/C7 

C12R-C1*(C5«A3*C6«A4)/C7 

Si?S"Cl*<C5*AA"C6**3,/C7 

5?f?“rC3A<C5**5>C6**6I'C7 

£?1-“C3*<C6**3“C!**6,^C7 
C22R—  C1*(C5*C4«C6*A2>/C7 
C22E«Cl*{C6*C4~CS*A2)/C7 

2fJi*SJfR*Al"CliE*A2*C2IR**3-C21«:*A4 

0CXX-CllA*A2+CllE-Al'»C21R*A4*C21E*A3 

0RXY-C12R*A1-C12E*A2*C22R*A3-C22E*A4 

D«v*"rf?!!*?f*5l2E*Al*C22R*A4*C22e*A3 

OKYX-CHR*A5-CilE*A6*C21R*A7-C21EAA8 

0CYX-CllR*46»CllE*A5«'C2lR4A8'*C2iE*A7 


IFW  SOURCE  STATEMENT  - 
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126 

527 

320 


'  MT  ' r '  -  HM  SOUSICE  S74T£*£J}?.  .  f 

D*YY-Cl24*A5-Cl2S*A6*C22MA7-C22E*4i 
OCVY-C123**6*CI2E*A5*C?2**A8*C22E*47 
C3-PANG< J,t» 

C1"CUS(C3  I  V  "." 

C2-SINIC3)  ' 

C4-C1»C1 
C5«C2*C2 

4l-0KXX*C4*0KYY*C5 

A2-OCXX*C4*OCYY*C5 

43-OXXY*C4-OKYX*C5 

4*«0CXY*C4-0CYX*C3 

45- 0KYX*C4-0KXY*C5 

46- 0CYX*C4-0CXY*C5 

47- 0KYV4C4*0KXX*C5 

48- OCYV*C4*OCXX*C5 
IF(NPC2*1>  410,405,405 

405  IfU-I»  406,406,407 

406  IF(NP02>  4^9,409,4,3 

407  IFU-NPOl)  410,408,408 

408  IFINPC2I  410,409,409 

409  01-01*41 
02*02*42 

03*03*43  \ 

04-04*44 
05-05*45 
06-06*46 
07-07*47 
08-08*48 
GO  TO  415 

410  01-01*41*41 
02-02*42*42 
03-03*43*43 
04-04*44*44 
05-05*45*45 
06*06*46*46 
07*07*47*47 
08-03*48*43 

415  CONTINUE 

416  IFINDIAl  4, 7,*,!%  * 

417  MRITeti,  U7)L4  '  •’,03,04,05,06,07,0* 

420  IFINRPI  4?  1 ,  **2 

421  SXX(J)-o: 

0XX( J)*02 
SXYUI-03 
OXY( J 1-04 
SYX<  J 1-05 
0YXU3-06 
SYYI JI-07 
OYYC  J ) -08 
GO  TO  425 

422  Cl*PKXU»-FQ2*P<iX(J) 

C2-PXY(J»-F02*PMY(J» 

C3-FRQ4P0XI J) 

C4-FRQ*P0Y( J ) 

C5-01*C1 

<  C6-D7*C2 
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,VJ,  ».,!  r.y  j 

’■* .‘5  -  ;  J  v#  V  »•  *j*r  .  if  „ 

*»  >*'  \  [/  *  \  *.  V  • 

%  <  t  j  «  *  »  ;  >  -;.c  * 

i  W.’)  ;  >■  _  j  /ij 


350 

399 


376 
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Bi-mi 


'  v  r  -  A  \  •; 

OHC  -  EM  lOURCt  StArtMEEt  '  -  tNitt) 


C7*02*CS 

ca*oa«C4 

A1-C5*C4-C7*CB-0!*05*04*04 

A2«C5*Ca*C6*C 7-03*06-0 4*05 

C9-A1*A1*A2*A2 

AS*C1*C4-C3«C8 

A4«C1*C8+C3*C4 

CllR»tA3*Al*A4*A2)/C9 

CUE«<A4*A1-A3*A2>/G9 

A3-C2*O3-C4*04 

A4«C2*04*C4*D3 

C12«"-<A3*Al+A4*A2l/C9 

C12E—  *  A4*AX-A3*A2 1  /C9 

A3»C 1*05-03*06 

44* Cl *04 *03*03 

C21R— iA3*Al«A4*A2l/C9 

C2IE— U4*Al-A3*A2l/C9 

A.»*C2*C3-C4*C7 

A4-C2*C7*C46C3 

C22» M A3*A1+A4*A2 I/C9 

C226* I 44*41-43* A2 ) /C9 

$XaUXllA*01-CllE*02*C21A'*03-C21E*04 

0XXUI*C11R*02«C11E*01*C21R*C4*C21E*03 

SXVf J»«C12R*01-C12E*02*C22R*03-C22E*D4 

OXYI J)*C12R*02*C12E«(U*C22R*04*C22E*03 

SYXI  J  i-Cll A*D5-CUE*06*C21R*07-C21E*08 

OVXI  JI*CUA*06»C11E*05*C21A*08*C21£*07 

SVVI JI>C12R*05-C12£*06+C22R*07-C22E*oe 

OVV( Jl-C12R*06*C12E*0S*C22A*08«C22E*07 

425  CONTINUE 

DO  449  J-1.NS1 
Cl-RSIJI 
C2>FQ2*RM(JI 
C3-R0IJ) 

C4-C2/C1 

CS-SQRTIC4I 

C6«SQRT(C5I 

C7-RUJI 

(FtC6*C7-0.03l  441,441*442 

441  C8-C2*C7 
Blf J>*1.0 
821 J  1*1*0 
BHJI-C7 

86 1 J»*C7/Cl 
B4(J>-S6(J»/2.3*C7 
B7UI«84CJ»/3.Q*C7-C3*C7/C1*2.0 
B5(J»-C2*87( J> 

B8(J)*C8 
B9I J»-C3/2.0*C7 
B10I JI-B9I JI/3.0*C7 
GO  TO  449 

442  C8*C3*C3*C4 
C9-C3*C5 

IFIC8-0. 00321  443,443,444 

443  C8-l.0*0.5*C8 
GO  TO  445 


"■  ;t**£ ■»  ‘ 
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t  f 


4U 

413 
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444  Ct-S3tr(l.w4C«i 
44$  A5-CS*ICS-C9J 
A4-C3*tC*«C9l 

43-SURTIA5I 
A4-SQftTI A6) 

A7«A3*A5 

A8-A4*A6 

A1-A3*C7 

A2-44*C7 

01«C0SIA2)/«9 

02-SINIA21/A9 

05-EXPIA1I 

04-1.0/05 

03-0.5*1  05«04)/A9 

04-0.5*1 0S-04I/A9 

B1IJI-A5«03*A6*01 

B2U»-A6*03*A5*01 

B3I J)-A3*D4*A4*02 

B8I J )-C2*B3t  J ) 

841 J 1*1 03-01 1 /Cl 
891 J I-C2*I03-C1 > 
BS1JI-CS*! A4*C4-A3*02» 
B101 J»-C1*B5(  J) 

C8-Cl*C5 

B6I JJ-I A8*04*A7*C2)/C8 
B71 JI-1A7*04-A8*C2)/C2 

449  CONTINUE 

00  455  J-l.NS 
C1-F02*RN| J ) 

0WXA1 Jl-Cl 
OVYAI Jl-Ci 
OVX8IJI-3.0 
DVXCIJl-0.3 
0VX01 JI-0.3 
OVYBl JI-0.0 
OVYC 1 JI-0.0 
0VY01 Jl-9.0 
DMXAI JI-FQ2*ftlTI J) 

0VUX1 41-0.0 
OVUYI JI-0.0 
DNUXI JI-O.J 

455  OMUY I JI-0.0 
00  456  J-l.NB 
Kl-LBl J) 

OVXA IKl)-OVXA(Kl)-SXXIJ) 
OVXBiKi)-OXX(J) 

OVXC 1X1) -SXY ( J I 
OVXOIKH-OXYI  j» 

OVYAI  XI)  -0VYMK1I-SYYI  Jl 
OVYBl Kll-OYYIJI 
0VYC1XU-SYXIJ) 

456  OVYO IKl)-OYX(J) 
0VXAIKBI-0VXAIK8)'»Q2 
OVYAI KB)-OVYA(KB) »QZ 
OMXA I  KB) -OMXAIKB ) ♦02* 


67/«iy*7 

, ,  - 1  ■  ». 

<  .i s 

419 

r  440 


441 

442 

443 


<wf  ,  -  foutce  statsmut  -  im«s> 

_oo  *ta  i«l*xq) 

saxc-o.o 

BAKJ-Q.O 

•MYC-0.0 

BMYS-0.0 

VXC-0.0 

VXS-0.3 

YVC-Q.O 

VTS*0.9 

XC-0.0 

XS-0.0 

yc-o.o 

TS-0,0 

0XC-0.9 

0A5-0.0 

OYC-O.O 

OYS-O.O 

OVUXIKBl-O.O 

0VUYIK8) -0.0 

DHUXU3I-0.0 

OHUYIK8MO.O 

CO  T01461,462,463,464,46S,469,46«,4T2I,I 
4*1  XC-O.OOl 
GO  TO  475 
4*2  VC-0.001 
GO  TO  475 
4*3  0XC-9.901 
GO  TO  475 
*44  DYC-O.OOl 
CO  70  475 

4*5  IHXC)  467,466,466 
4*4  IF(KA)  468,467,467 
4*7  0VUXIK8I-1.0 
GO  TO  475 
468  GKUX{KB)-I.O 
tJ  TO  475 

4*9  IFIKC I  471,470,470 

470  IFIXAS  472,471,471 

471  OVUYIXBI-l.O 
GO  TO  475 

472  OaUYIKBI-l.O 

475  00  483  J-l,NS 
Cl-DMXAI J } 

C2-FRQ*SP0*MP<  J» 

IFIJ-KBI  477,476,477 

476  CMR( 1,1) -XC 
CMEU.ll-XS 
CHIU  2,  II -VC 
CHE<2.II-VS 
CKR(3,n-0XC 
CMEI 3, I l-OXS 
CMX(4,I1-0YC 
CMEI4, I I -OYS 

477  Ai-BMXC-Cl*0XC-C2*0VS-0!1UXl J) 

A2»BMXS-Cl*0XS4C2*rVC 
43-BMVC-Cl*DYC*C2*OXS-0*UYl J) 


ar/oi/6T 

f 4. 

.  .Jy  V  t;.Z'  l  ** 
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wt~nts 


r 


o'*  -  in  sooxie  snrtAeHr  *  - 

A*»8«rs-ci*oys-c2*oxc 

A5*YXC40VA4JJ|*XC«0YX8I  J)*XS-OVXCI  JI*YC *07X01 J|*YS+9VUXf  Jl 
46»YXS-OYXBI  JI*XC*nVXA(  JI*XS-OVXO|  J|*YC-OVXCl JI*V3 

a7*yyc-C'/yciji*xc*cvyciji*x$*ovyai  ji4yc*0YTBtji*Y$*DY«m.i» 
■.  a««vys-ovyo(  ji«xc-o*yci  j)«xs-oyysi  ji*yc*ovy*ui*Y5 

IFINS-J)  46J,4SC,*73 
470  Cl-XC 
62-XS 
.  C3«yc 
C4-ys 

8NXC*Cl*B9(  J I  ♦0XI'*H13(  J  )*A1*62(  J  l*A5*BJ(  J 1 
BNXS-C2*»9(  Jl*DX$*Bl?f  J)*A2->82(  JI*A6*MU) 

8NYC*CJ*B9IJ  I  *0VC*9niJI*A3*B2IJ  1*47*831  J» 
BMYS*C4*B9lJl*0YS*«luI,;l*A«*82f  J  1*4  8*831 J I 
VXC*Ct*R81 JI*CXC*B9I JI*A1»B5IJI*A«*81I Jl 
VXS-C2' 381 J)*CXS*P9(J)*A2*B5{J 1*45*8: I Jl 
VVC*C3*B3IJI*CYC*B9(JI*A3*B5(JI*A7*8it Jl 
VYS*C4*88(  J I  *CY  S*l‘9(  J )  ♦44*851  JI*A8*fll(JJ 
XC*C1*81I  JI*0XC*B3(  JI*Ai*B4<JI*A*5*B7(Jl 
XS-Ca^BU JI*DXS*P3<JI*A2*B4(J| *46*871 J I 
VC*C3*8HJl*OYC*B3<JI-*A3*04IJI*A7*B7IJI 
VS*C4*81 I JI*DYS*R3(J l*A4*B4(J| *43*871 Jl 
0XC>C1*B5(  JI*CXC*82I  J I *A1*B6IJ 1*45*641  J» 

0XS-C2*85( JI*CXS*B2( JI*A2*86IJI*A6*B4I Jl 
OVC*C3*B5(  JI*CYC*B2(  J I *A3*B6I J I *A7*B4<  JJ 
OVS«C4*B5< J)*CYS*B2( JI*A4*R6(JI*A3*B4I Jl 

480  CONTINUE 
ANRIi, 11*41 
AME( i«t I  * A2 
AHR<2, 11*43 
AHE(2,tl-A4  - 
AMR! 3  *  1 1  * A5 
AMEU. 11-46 
A8R( 4» 1 1*47 
AHEI4, 11*48 

485  CONTINUE 

DO  486  J*l»4 
DO  486  1*1,4 
WRIIf JI-ANRI I « J I 

486  HE(I,JI-ANEII,JI 

CALL  HATINV(WR,4,WCC,0,r.VN,  tCJ 
GO  T0I48 1,460  I , IC 
460  HKITEI6.130I 

H8ITEI6, 1311 NF, FRO 
GO  TO  519 

481  IF < NF I  457,457,482 

457  00  455  1*1,4 
00  458  J*1 ,4 
ANSI  I,JI*0.0 
URIIt JI-WRf 1, Jl 

458  UEU.JI-O.O 
GO  TO  459 

482  CALL  NAT INVI WE, 4, wCC»0* OEO, 10) 

GO  T0I483,457I, IC 

483  00  488  1-1,4 
00  488  J*1 ,4 
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666 

668 

669 


637 
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IMIS) 


‘  -  i«i  source  smfwent  - 


Cl-0.0 

00  407  K-1,4  . 

4ft  Cl-Cl+tM?  !.K)*ANt ; 3.  J )♦))£{  !.X)*MR(C«j) 

4M  MA(1.J)»C1 

CAU.  *A7INV(tfA.4*WCC*0.OVN.IO) 

CO  TO  (702.701)' to  ' 

741  MftlTEtA, 137) 

tMITEI6.131INF.FMQ 
CO  TO  $19 
702  OC  490  1-1.4 
CO  490  J-1,4 
fl-Q.O 
C2-0.0 

00  449  K-1.4 
Cl-Cl+tf A I t,K)*WE(K,J) 

449  C2-C2~MA( I  ,K)*WA(K« J) 

(MU.J)-Cl 

490  UE( I . J)-C2 
499  00  492  1-1,4 

00  492  J-1.4 

Cl-0.0 

C2-0.0 

00  491  K-1.4 

C1-C1*CNR( I,KI*URtK,JI-CNE( I,aI*UE(K,J) 

491  C2-C2+CNR ( I .K )*UE<K, J ) ♦CUE ( I,KI*UR1K,J) 

MM.I.JI.Cl 

492  M£( I . JI-C2 
DO  494  1-1,4 
OO  494  J-1.KQ2 
Cl«CMR(t.J«4) 

C2-CME< 1, J44) 

OO  *93  K-1.4 

Cl-Cl-WRf I,K)*AM«(K,  J«4)**EI  I,K)«ANE(K,J*4) 

493  C2-C2-WR(I,K)*ANE(K.J*4)-NE(I.K1#ANR|K,J44) 

UMtI.JI-Cl 

494  UE(I.J>-C2 
IFtKC)  500,499.499 

499  DO  497  |-l,  : 

00  497  J-1,2 
IFtKC)  500,495,496 

495  EKRt t,J)-U3(  I,J) 

EttEI 1 ,  J) -UEt I, J  I 
60  TO  497 

496  EHRI 1,J)«UM( 1*2. Jl 
ENEt I,J)-UE(  1*2, J ) 

497  CONTINUE 

Cl-ENM|l,l)*EPM(2,2i~EN*(l,2)-ENM(2,l)-ENE(l,l)*ENE(2,2t 
lENEtl,2)»EHEf 2,1) 

C2-EN3( 1,1 )*ENE ( 2,21+EMRI 2, 2)*ENEt l.l )-ENRI 1»2)*ENE(2»1) 
1EMRI 2 , l)*EM€tl?2) 

C3-t  Ci*Cl*C2*C2 I *SCF1 

CI-C1/C3 

C2-C2/C3 

6Rtl.l,im*C14ENR(2,2)  «  C2*E4E t  2,2) 

CRtl,2,IHI»-Cl*EHR< l,2)>C2«ENEf 1,2) 

CR(2 ,1, IHI»-Ci*EFS(  2, 1 l-C2*ENEt  2, 1 1 


Ctf  *  EFN  SOURCE  STATEMENT  -  IFN(J) 


ot/os/ot 


GRI2.2.IH)-  Cl4£RRIl.il4C2*ER£lt.l) 
GEU.l.IH)-  C 1 • E R E I  2* 2 )«C2*ERR ( 2,2 ) 
GEI1,2,IM— Cl-ERF(i,2)4C24ERR(i,2) 
GEI2.1.IH)  —  Cl*ERE(2,l)4C2*£NR(2vl> 
6EI2.2.IM)-  Cl<*cRE(l,i>-C2-ERR(l,i) 

60  TO  919 

900  00  90X  1-1.4 
00  901  J-1,4 
WR(l,J)-UR(t,J) 

901  HE( ! , J)-UE( I » J ) 

CALL  RAT INV(  WR ,  4.WCC.0,  CVN, 10) 

60  TO  (903.932). ID 

902  WRITE (6. 132 ) 

WRITEI6, 131INF.FRQ 
GO  TO  919  . 

903  IF (NF )  934.904.906 

904  00  909  1-1.4 
00  909  J-1,4 
GEI I • J« IHI-O.C 

909  GRI I . J* IH)«WR( I . J  l/SCFl 
GO  TO  918 

906  CALL  RATINV(WE,4,WCC,O.OEO,ICI 
GO  TO  (907. 504). ID 

907  00  909  1-1.4 
DO  909  J-1,4 
Ci-0.0 

00  908  K-1,4 

905  C1-C1-*WR  (  I  ,K  )  *UE  ( K,  J  )  ♦WEI  I  »K  )  *UR  (K  ,  4) 
909  WAII.JI-Cl 

CALL  RAT INV ( WA» 4, WCC. 0 » OVN,  10) 

GO  TO  (704, 703), 10 

703  WRITE(6, 138  I 
WRI7E(6»13l)NF,FRQ 
GO  TO  519 

704  00  517  1-1,4 

DO  517  4-1,4 

0-0*0 
C2-0.0 

00  516  K-1.4 
Cl-Cl+WAI t,K)*WE(K,J) 

516  C2-C2-WA (  I,K)4WR(K,J) 

GRI I,J,IH)-C1/SCF1 

517  GE(I,J,IH)-C2/SCF1 

518  IF (NO  I  A)  498,519,498 
498  WR1TEI6, 125) 

WRITEI6, 1271 

WRITE!6,133)( (GRI I, J.lH), J-1,4), 1-1,4) 
WR ITE ( 6, 128 ) 

WRITE (6, 133)1 (GEI I,J, IH), J-1,4), 1*1,4) 

519  CONTINUE 
K3-0 
K4-0 
K5-0 
K6-0 
K7-1 

WRITE(6,129)NCIA 


•  18 

•  19 


•36 


855 

897 

898 


880 

681 

882 

890 

891 


906 
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Best  Available  Copy 


ON*  ' 


•  in  SOURCE  STATEMENT  -  INKS)  -  ’ 


OT /OS/AT 

J 


oxi-qst-qinc  '  ••  *•  • 

NGl-l  i  ■  ‘  ■<  vi.. 

910  IFINQ1  911,911*912  ..j  - 

911  0X1-QXU01NC  ' 

IFIQFA+v.vvviOl-OXll  >39,999,919  .  t 

912  IF(WQ-NQl)  999,913,913 

913  QXl-QLST (NQ1 ) 

NOl-NOUl  - 

919  0X2-0. 5»QX1/SCF1 
00  921  1-1, KQ2 
.  00  921  4-1, K02 
WA(I,4)-QX2«WQ(  |,J| 

W8(I,4>— QX2*W$Q( 1,4) 

AMRII, 41-0.0 
ANSI  1,41-0.0 
CMR< 1,41-0.0 

921  CMEI 1,41-0.0 

00  993  IM-?,NH1 
Kl-NMl*2-IH 

IFKKl/2  1*2-K1)  923,929,929 

923  K2-0 

00  924  I-1.K02 
00  924  J«1,KQ2 
UR 1 1 ,4)« AMR{ ]  ,4  1 

924  UEI1 ,J)>AME( 1,4) 

GO  TO  52 T 

929  K2-1 

DO  926  I-1.KQ2 
00  926  4-1, KQ2 
UR1 1 »  Jl-CHR I  I,  J  ) 

926  UE( I »  41-CRE ( I , J I 

927  IF(Nt)IA)  709,706,706 

709  WRIT5I6, 135IK1  967 

WRITE(6,133)( (UR (1,41 «4-l,KQ2 ) , I -t ,KQ2 )  968 

WRITEI6, 133) ( (UE 1 1 , J ) , J-1.KQ2 ) , I-1,K02)  976 

706  00  929  I-1.KQ2 
00  929  4-1. KQ2 
Cl-GR ( 1, 4, XI I 
C2-GE 11,4, Kl) 

00  928  K-1.K02 

Cl-Cl*WAII,K)*UR(K,Jl-W8(I,K)*UE(K,4> 

928  C2-C2+WAI I»K)*UEIK,J).WE(I ,K  )*(JR  (K,  J ) 

WRI I , 41-C1 

929  WEI  1 , JI-C2 
(FOU-3>  990,522,922 

922  IFIKC )  939,530,930 

930  Cl-WR 11,1) *WR (2,2 l-WRI 1 ,2 i *WR( 2,li-«f:(l,l)*WE(2,2)  +  WE I l»21*WE (2,1) 

C2-WRI1, l>«WE(2,2)>WRi2,2)*WE(l,l)-WR(l,2>*WE(2,i>-WRI2,l)*WE(l,Z> 

C3-C1*C1*C’*C2 

Cl— CI/C3 
C2— C2/C3 

ERR 1 1 ,1 ) -Cl-WR ( 2,2)«C2*WE( 2,2 ) 

ERE(1,1)-C1*WE(2,2)-C2*WR(2,2) 

Er:Rll,2>—  C1*WRI  1,2>-C2*WE( 1,2) 

EMEI 1*21 -C2*WRI 1,2)-C1*WE( 1,2 ) 

E*R(2,11  — Cl*WR(2,li-C2*WEI2,l) 
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Wl-MU 


h  '  r 


- 


me 


cm  s6ua(I<!  statement’1 


-  iemsV  - 


00  940  R-1.KQ2 

940  CHC1*2.0*WA<  I,K>«AMRIK,JI-2.0*Wfl(  t,X)«AME(R*J) 
949  0EVN( It J I*C1 
60  TO  553 

990  K8— 1 

00  952  l«l,KQ2 

K8-K8+2 

K9~l 

00  951  J-1.KQ2 
K9»K9«2 

DE00(K8,K9I-MR< I,J)«WA(I,Jt 
0E00(K8,K9*1>  — WEI I,J)-WB(I,JI 
OEOO(K8*l,K9)-WE(I, J)-WB(I.J)  „ 

951  OEOO(K84l,K94l)-HR(I,J)>WA(  t,J) 

952  CONTINUE 
959  CONTINUE 

IF(NOIA)  709*710*710 

709  WRITE(6, 1401 

MR1TE(6*133I( (OEVN( I*JI*J"1*KQ2) *  Irl,KQ2) 
WRITEI6* 141 I 

MRITE(6,133H(OEOO(I,J),J-1,KQ1),I-1,KQ1) 

710  CALL  MAT INV(OEVN,KQ2«WCC«0*DVN, 10) 

60  TO  (582.5811*10 

991  OVN-O.O 
IJKL-1 

NRITE(6, 1361  IJKL 

582  CALL  MATINV<OEDD,K01,WCC,O.DEO, IC> 

60  TO  (584*5831*10 
589  DEO-O.O 
IJKL-2 

WRITE (6* 136 1  IJKL 
984  WRITE (6* 102IQX1 ,OVN,OED 
IF (K7 )  554,555*554 

554  K7-0 
OVNl-DVN 
60  TO  561 

555  IF (K6 )  556,556,559 

556  IFIR3I  565,557,564 

557  IF(0VN*0VN1)  562.558,558 

558  0VN1-0VN 

559  IF(K4I  571,560,570 

560  IF(DE0*DE01i  566,561,561 

561  OEOl-OEO 
Q1-QX1 
K5-0 

60  TO  510 

562  K3-1 
0VN3-0VN 
OED3-OED 
03-0VN 

563  Q9-QX1 
QX1«0.5*(Q1+Q3» 

GO  TO  515 

564  K3— 1 
Dl-OVNl 
D2-0VN 
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1160 

1161 

1171 

1172 
1189 


1186 

1188 


1191 

1192 


' -  SOURCE  STATCRCftT  «  ISntU 

__KO?-OCO 

02-QXl 

_ 40  TO  575 

Ml  X3-0 

_ 11*1 

0X1-05 

_  0V*6»DV93 

0C0-0E03 

.  00  TO  550 

544  K6-1 

IF(KS)  369,569,567 
547  K5«0 
.  544  K4— 1 

Ol-OEOl 
D2-0ED2 
03-0603 
CO  TO  STS 
549  K4-1 

0FD3-CED 
•  GO  TO  563 

570  Q2-QX1 
OEO2-0EO 
GO  TO  564 

571  K4-0  - 

K4-0 
0X1-03 
0VN-0VN1 
0ED-0E03 
GO  TO  561 

575  C1-02-Q1 
C2-03-02 
C3-Q3-Q1 
C4-C2*C3 
C3-C1-C3 
C3-(D1-02|/C3 
C4-ID3— 02I/C4 
C2-C1-C4-C2-C3 
C1-C4«C3 

IFIC1I  577,576,577 

576  C5— 02/C2 
GO  TO  580 

577  C3-0«5*C2/C1 
C4-SQRTI C3-C3-02/C1 » 

IF(C3)  579,578,578 

578  C5-C4-C3 
GO  TO  580 

579  C5— C4-C3 

580  QX1-Q2+C5 
GO  TO  515 

599  SPQ-SPD+SPIN 

IF (SPFN+O. 00000 1-SPO)  600,600,260 

600  NSP1-NSP1+1 

IFINSP-NSP1 )  601,230,230 

601  1FIINPI  602,190,602 

602  STpp 

99  FORMAT  UH1J 
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.  •  A  •  *  X*  •  *'  W  •  ■  -  „  V  ...  * 

ONE  -  CM  SOURCE  STATEMENT  -  IMIS)  - 

100  FORMAT! 72H 
1 

101  formatiuis) 

102  format! ipseia.a) 

105  FORMAT! 118H0S TAT  IONS  BEAMINGS  MAGN.ST  F*N/P/N  MIC. FED  NO. 

1FA0S  CONFRESS  HARMONICS  NO.Q  NO. SPEEDS  01 AG NOS  INPUT) 

104  FORMAT! 16.111101 

109  FORMAT I42H0  YOUNGS  MOO.  OENSITY  ( SHAPE  FACT>*6> 

106  FORMAT! 8E9.2) 

107  FORMAT! I S.1PE16.6, 1P7E14.6I 

100  FORMAT! 104H  STATION  MASS.LBS  POLAR  MON.IN.  TRANSV.MQM. IN  L 

1ENGTH  OUT.OIAI STIFF)  OUT.OIAINASS)  INNER  OIA.) 

-109  FORMAT! 17H0BEAR I NG  STATIONS) 

110  FORMAT ! 1 1HOROTOR  DATA) 

111  FORMAT! 14H0PECESTAL  OATA) 

112  FORMAT I89H  STATION  MASS-X.L8S  STIFFNESS-*  OANPING-X  NASS 

1-Y.LBS  STIFFNESS-Y  OAMPING-Y) 

113  FORMAT 1 20H1M AGNET IC  FORCE  DATA) 

114  FORMAT I 27H0  QIO). FORCE  QtO), MOMENT) 

119  F0RMATI28H0MATR IX  OF  COSINE  COMPONENTS) 

.  116  FORNATI//13HOBEAR ING  OATA) 

117  FORMAT! 19H0BEAR ING  AT  STATION. 13) 

118  FORMAT!9KGHARMONIC4X3Hr.XXlOX5HM*BXXlOX3HKXY10XSHW*8XY10X3HKYX10X5M 
1M*BYX10X3HKYY10X9HM*BYY ) 

.119  F0RMATI8H0PA0  NO., 13) 

120  FORMATI55H  PITCH  MON.IN.  PAO  MASS  PIVOT  STIFFN.  PIVOT  ANGLE) 

121  FORMAT! 13H1ROTOR  SPEED-, 1PE13.6.4H  RPM) 

122  FORMAT! //13H0HARMCNIC  NO. , 1 3, UH, FREQUENCY-, 1PE13.6.8H  RAO/SEC) 

123  F0RMATI21H0BEAR INC  COEFFICIENTS) 

124  F0RNATI8H  STATI0N5X3HKXX9X7HFRQ*BXX9X3HKXY9X7HFRQ»BXY9X3HKYX9X7HFR 
1Q*8YX9X3HKYY9X7HFRQ*BYY ) 

125  F0RMATI31H0R0T0R-BEARING  IMPEDANCE  MATRIX) 

__126  FORM AT 1 2 6H0MA TR I X  OF  SINE  COMPONENTS) 

127  FORMAT! 10H0REAL  PART) 

.  128  F0RMATI15H0IHAGINARY  PART) 

129  FORMAT! I 1 ,9X3MQXX7X25HEVEN  DETERM.  ODO  OETERM* ) 

.130  FORNATI34H0REAL  PART  OF  A-MATR1X  IS  SINGULAR)  _  _ 

131  FORMATllOH  HARMON IC-, 13, 12H  FREQUENCY-, IPE13.6) 

,132  FORMAT I 42H0REAL  PART  OF  IMPEOANCE  MATRIX  13  SINGULAR) _ 

133  FORMAT! 1P4E14.6) 

.  134  FORMAT 1 37H0REAL  PART  OF  S-MATRIX  IS  SINGULAR.K-.13) _ 

135  FORMAT I18H0S-MATR IX  FOR  «♦!-, 13) 

136  FORMATI20H0OETERPINANT  ZERO  AT, 13)  _  _ 

137  FORMAT I 3 5HG INVERSION  MATRIX  FOR  A  IS  SINGULAR) 

138  FORMAT  1 35H0  INVERSION  MATRIX  FOR  E  IS  SINGULAR _ 

139  FORMATI38HOINVERS ION  MATRIX  FOR  S  IS  S~INGULAR,K-I3) 

140  FORMAT 117H0E YEN  CETERM INANT)  _ 

141  FORMAT I 16HOOOC  DETERMINANT) 

_ HID _ 
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DAVE 


07/01/47 

-  CM  SOURCE  STATEMENT  - '  IMISI  -  iV  " 

C  MATRIX  INVERSION  WITH  ACCOMPANY INC  SOLUTION  OR  LINEAR  EQUATIONS '  MATS  •  2 


C  NOVEMBER.  1412  S  6000  DAVUL.IAJIQR  MQOEl  BASIN  .AM  NAH  MVT1  S 

C  NAT  I  4 

SUBROUTINE  MATINVU.Nl.l.Ml.Of TERN,  I0t  .  ...  ...  MAfl  S 

C  « •  MATS  A 

C  GENERAL  FORM  OF  CIMENSION  STATEMENT  .  _  .  MAT!  7 

C  •  MATS  • 

OIMENSION  A(8,8t, 8(8*11  _ _ _ _ _ 

DIMENSION  INDEXIB.lt 

EQUIVALENCE  I  IROW.JROVI,  f  ICQLUEUOCflLUi**.  I  AM  AX.  INSWAP)  ..  MAT  I  11 

C  MAT!  12 

C  INITIALIZATION  . . i _ : _ _ _ _ _ _  .  -  MATI  11 

C  NAT1  14 

M*Ml  .  _ _ _ ...  ...  _ _ .......  MAT1  IS 

N-Nl  NAT1  14 


DO  S  1*1.  N  _ _ 

Rl-1 

K2'*l _ _ 

DO  4  >1,N 

IFIAII.JIJ.3t.4tl _ 

1  Rl-0 

4  IFIAU.1IJ  5.4*5 _ 

5  R2-0 

.4  CONTINUE _ _ 

1FIK1+K2I  4.8.7  0 

_.T  JO-2 . . I _ 

DETERM-9.0 

...  ..60  TO  .740 _ 

8  CONTINUE 


_ ID  DETERM-1.0 


IS  00  20  J-l.N 

2Q  INDEX I J. 3)  ■  Q 

NAT1 

N4T1 

18 

19 

20 
21 

C 

30  DO  550  I-l.N 

NAT1 

NAT1 

c 

SEARCH  FOR  FtVOT 

ELEMENT 

NAT1 

22 

_c. 

* 

MATi 

21 

40  A MAX “0.0 

MATI 

24 

45  DO  105  J-l.N 

MAT! 

25 

IF! INDEX! J, 11-1 ) 

40.  IDS*  40 

MATI 

24 

40  00  100  X-l.N 

MAT! 

27 

IF 1 INOEXIX.lt— 1 I 

80.  100,  71S 

NAT! 

28 

80  1F1AMAX—ABS!  AU.K1 1 1  45.100.100 _ _ 

MATI 

29 

85  IROW-J 

MATI 

30 

50  ICOLUR-K 

MAT! 

31 

AM AX* ASS (AfJ.RIi 

MATI 

12 

100  CONTINUE 

MATI 

33 

105  CONTINUE 

MATI 

34 

INDEXfICOLUM.lt  * 

INDEX! ICOLUN.lt  ♦! 

MATI 

33 

240  INDEX! I. 1 1* IRON 

MATI 

34 

270  IN0CXfl.2t-IC0LUM _ _ 

MATI 

37 

X 

MATI 

38 

c 

INTERCHANGE  ROWS  TO  PUT  PIVOT  ELEMENT  ON  DIAGONAL 

NAT1 

39 

c 

MATI 

40 

130  IF  ( IRON— ICOLL'NI 

140.  110.  140 

MATI 

41 

140  DETERH— OETERM 

MATI 

42 

V  s  OAVi  ...  jiTr  ««•  SOMRCC  SHTMCNT  „•  IPNISI 
.  130  00  200  L-l,N 

1*0  SMAP-Af IRON, L)  -  y  . 

ITO  A( IR0M.L )-A( 1C0LUM.L)-  !'.■■'  n.v  rV  •• 

200  A I ICOLUM, L) -SNAP 

IP(M)  310,  310,  210  f  s :  *  '•*»!.?«'  v  w  > 

no  00  250  L-l,  N 

220  SMAP-B(1R0M,L)  • ■ 

230  8(  IROH.L  )—8(  ICOLUM.L ) 

230  BUCOLUM, LI-SNAP 
C 

C  OIVIOE  PIVOT  ROM  BV  PIVOT  ELEMENT 

c 

310  PIVOT  -A! ICOLUM, ICOLUM) 

DETERM-OETERM*PIVOT 
330  A( ICOLUM, ICOLUM )-1.0 
340  00  350  L-l,N 

330  A(  ICOLUM, U-AC  ICOLUM.L  » /PIVOT 
335  IFIMI  3B0,  380,  3*0 
3*0  00  370  L-l.M 

370  8 ( ICOLUM.L )*S(  ICOLUM.L) /PIVOT 
C 

C  REDUCE  MOM— PIVOT  ROMS 
C 

380  00  550  Ll-l.N 

390  IF (LI- ICOLUM I  400,  550,  400 

400  T-AILl, ICOLUM) 

420  AILl, ICOLUMJ-O.O 
430  DO  450  L-l.N 

450  A(L1,L)-A(L1,L)— A( ICOLUM.L ) *T 
455  IF(M)  550,  550,  4*0 
440  DO  500  L-l.M 

500  B(Ll,L)-B(Ll,L)-8( ICOLUM.L ) -T 
550  CONTINUE 
C 

C  INTERCHANGE  COLUMNS 
C 

*00  00  710  I-l.N 
*10  L - N* 1 - I 

*20  IF  I IN0EXIL.1  )-IN0EX(L,2) )  630,  710,  630 

630  JROM-  INDEX  (I.  ,11 

640  JCOLUM- I NOEX ( L, 2 I 

650  DO  70S  K-l.N 

660  SMAP- AIR, JROM) 

670  A(K, JROU)«A(K, JCOLUM) 

700  A(K, JCOLUM) -SWAP 
705  CONTINUE 
710  CONTINUE 

00  730  K  -  1,N 

IF J INDEX IK,3 )  -I)  715,720.713 
715  10  -2 

GO  TO  740 
720  CONTINUE 
730  CONTINUE 
10-1 

740  RETURN  __  _ 

E**0 
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MATi 

43 

' '  MATI 

44 

MATI 

43 

MATI 

4* 

MATI 

47 

MATI 

4* 

MATI 

49 

MATI 

50 

MATI 

31 

MATI 

52 

MATI 

S3 

MATI 

54 

MATI 

53 

MATI 

3* 

MATI 

57 

MATI 

58 

MATI 

39 

MATI 

60 

MATI 

*1 

MATI 

*2 

MATI 

*3 

MATI 

64 

MATI 

65 

MATI 

66 

MATI 

67 

MATI 

68 

MATI 

69 

MATI 

70 

MATI 

71 

MATI 

72 

MATI 

73 

MATI 

74 

MATI 

75 

MATI 

76 

MATI 

77 

MATI 

78 

MATI 

79 

MATI 

80 

MATI 

81 

MATI 

82 

MATI 

83 

MATI 

84 

MATI 

85 

MATI 

86 

MATI 

87 

.'ILTi 

So 

MATI 

89 

MATI 

90 

MATI 

91 

MATI 

92 

MATI 

93 

MATI 

94 

MATI 

95 

~  MATI 

96 

MATI 

97 

MAT! 

99 
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TURBINE  DRIVEN 

4  POLE  ALTERNATOR .STABILITY 

CHECK 

4-U-1967 

11  2 

7 

-1  0 

0  1 

10 

0  1 

0  1 

30000000 

•  0 

0.283 

8630000 

•  0 

6.15 

62.4 

31.0 

1.3 

3.5 

3.5 

3.339 

1.61 

0.0 

C.O 

1.45 

3.5 

3.6 

3.2 

0.0 

0.0 

0.0 

2.37 

3.5 

3.65 

3.062 

0.3 

0.0 

0.3 

4.83 

3.5 

3.65 

3.062 

O.C 

0.0 

C.O 

1.67 

2.775 

3.25 

2.0 

* 

3.1 

12.0 

12.0 

2.1 

3.5 

3.7 

1.04 

C.O 

C.C 

O.C 

2.1 

3.5 

3.7 

1.04 

3.1 

12.0 

12.0 

1.67 

2.775 

3.25 

2.0 

O.C 

C.O 

C.C 

3.49 

3.5 

3.65 

3.062 

O.C 

O.C 

0.0 

4.39 

3.5 

3.65 

3.062 

9.21 

56.0 

28.0 

0.0 

1.0 

0.0 

0.0 

4  1C 

1C3JC.0 

20300.0 

1000.0 

2.0 

1.0 

2  V-  t*  3  C  m  0 

88200. C 

0.5 

O.C 

4.2 

0.0 

C  .0 

0.0 

0.0 

-4.2 

4.2 

0.0 

O.C 

0.0 

C  •  0 

-4.2 

0.0 

0.0 

C.O 

0.0 

O.C 

-4.2 

C.O 

C.O 

-4.2 

0.0 

O.C 

-4.2 

0.0 

0.0 

-4.2 

0.3 

0.0 

0.0 

O.C 

lOJOCOO.O 

130C0.C 

111915. a 

0.0 

0.0 

0.0 

0.0 

0.0 

111915.8 

0.0 

196262.3 

C.O 

C.O 

0.0 

0.0 

0.0 

196262.3 

0.0 

197298.6 

0.0 

0.0 

0.0 

O.C 

0.0 

197298.6 

C.O 

184631.7 

O.C 

C.O 

0.0 

3.0 

C.O 

184631.7 

0.0 

168424.7 

0.0 

3.0 

3.0 

0.0 

0.0 

168424.7 

0.0 

126272.4 

0.0 

C.O 

0.0 

0.0 

C.O 

126272.4 

0.0 

254752.4 

0.0 

0.0 

0.0 

0.0 

0.0 

254752.4 

0.0 

2 1 7609.4 

C.O 

0.0 

0.0 

0.0 

0.0 

217609.4 

0.0 

181060.1 

0.0 

C.O 

0.0 

0.0 

0.0 

181060.1 

0.0 

121742.5 

C.O 

0.0 

0.0 

0.0 

0.0 

121742.5 

0.0 

349724.4 

C.O 

O.C 

C.O 

0.0 

0.0 

-349724.4 

0.0 

111915.8 

0  .  ^ 

0.0 

0.0 

0.0 

O.C 

111915.8 

0.0 

196262.3 

0.0 

C.C 

0.0 

0.0 

OcO 

196262.3 

0.0 

197298.6 

C.O 

O.C 

0.0 

0.0 

0.0 

197208.6 

0.0 

184631.7 

0.0 

C.O 

0.0 

0.0 

0.0 

184631.7 

0*0 

168424.7 

0.0 

O.C 

0.0 

0.0 

0.0 

168424.7 

0.0 

126272.4 

0.0 

0.0 

0.0 

0.0 

0.0 

126272.4 

0.0 

254752.4 

0.0 

0.0 

C.O 

0.0 

0.0 

254752.4 

0.0 

217609.4 

C.C 

0.0 

C.O 

0.0 

0.0 

217609.4 

0.0 

181060.1 

0.0 

0.3 

0.0 

0.0 

0.0 

181060.1 

0.0 

121742.5 

O.C 

C.O 

0.0 

0.0 

0.0 

121742.5 

0.0 

349724.4 

0.0 

0.0 

0.0 

0.0 

0.0 

-349724.4 

0.0 
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MATRIX  OF  COSINE  COMPONENTS 


note*  SF6E0-  1.0300006  04  *H1 
UNO* Ft.au  AT  93943  IN  NQ~ 


CXX 

*0« 

I. 0000006  04 
2.0000006  04 

J. OCCOOOE  04 
4.009000E  04 

S. 0000006  04 
4.0000006  04 

T. OOCGOOG  04 
9*0000006  04 
9.0000006  04 
1.0000006  09 
1.100000E  05 
1.200000E  03 

1.3000006  05 

1.4000006  05 

1.5000006  05 

1.4000006  03 
1.70Q000E  05 

1.4000006  05 

1.9000006  05 
2.0000006  05 
2.10000CE  05 

2.2000006  05 

2.3000006  05 

2.4000006  05 
2.500000E  05 

2.4000006  05 
2.700000E  05 
2.800000E  35 

2.9000006  05 
3.000 OQ 06  05 
3.100000E  05 
3.200000E  05 
3.300000E  05 
3.250000E  05 
3.2903216  OS 
3.400000E  05 
3.500000E  05 

3.4000006  05 

3.7000006  05 
3.8000006  03 

3.9000006  05 
3.8500006  05 
3.8302496  05 
4.0000006  05 

4.1000006  05 
4.200000C  05 

4.3000006  05 
4.400000E  05 

4.5000006  05 
4.&OOOOOE  05 

4.7000006  05 
4.800000E  05 

4.9000006  05 
5.0000006  OS 

5.1000006  05 

3.2000006  05 


EVEN  OETEM. 
2.1110156  09 
2*1148526  00 
2.1263976  00 
2.1497436  00 
2.1730*56  OQ 
2.2085376  00 
2.2524986  00 
2.3052946  00 
2.3673576  00 
2.4391976  00 
2.5214086  00 
2.6144476  00 
2.7197456  00 
2.8375106  00 
2.9689456  03 
3.1151326  00 
3.2772926  00 
3.4567756  00 
3.6550796  00 
3.8738516  00 
4.1149036  00 
4.3802566  00 
4.6721256  00 
4.9928906  00 
5.3452586  CO 
S.732106E  00 
6.1566 3AE  00 
6.6223166  00 
7.1329866  00 
7.6927746  00 
8.3061886  00 
8.978231E  00 
9.7142B0E  00 
1.0S2014E  01 
1.0108386  01 
1.9438916  01 
1.1402156  01 
1.236721E  01 
1.3422936  01 
1.457T48E  01 
1.5839436  01 
1.721817E  01 
1.6513516  01 
1.62436C6  01 
1.87245C6  01 
2.0370916  01 
2.2163056  01 
2.4123136  01 
2.6260826  01 
2.8590936  01 
3.112933E  01 
3.3894876  01 
3.6906086  01 
4.0182746  01 
4.3747456  01 
4.7622S1E  01 
5.1834846  01 


000  OCTEKM. 

1.3134746  JBfl _ 

1.5122476  OC 
1.902993E  00 .... 
1.4866036  00 
1.46441QE  00 
1.43621 3E  00 
1.4022576  00  . 

1.3628426  00 
1.318312E  00 
1.2490576  00 
1.21SS07E  00 
1.1581296  00 
1.0974236  00 
1.0339146  00 
9.681355E-01 
9.0070966-01 
8.321563E— 01 
7.630799E-01 
6.  940631E-01 
6.2569096-01 
5.5852336-01 
4.9311836-01 
4.2999756-01 
3.6966166-01 
3. 1257316-01 
2.5916356-01 
2.098082E— 01 
1.6484186-01 
1.243444E-01 
8.9139476-02 
3.8791416-02 
3.360245E— 02 
1.361092E-02 
-1.2100476-03 
5.  5583616—03 
5.8622456-07 
-1.095307E-02 
-1.5776396-02 
-1.5902966-02 
-1.161866E-02 
-3.2697796-03 
0,7403566-03 
2.304956E-03 
-3.156500E-06 
2.3955716-02 
4.1872676-02 
6.1946036-02 
8.3595956-02 
1.0621576-01 
1.2918026-01 
1.5185596-01 
1.7361046-01 
1.9382436-01 
2.1190226-01 
2.2728606-01 
2.394674E-01 
2.4800186-01 


S.300000E  05 
5*4000906  05 
5.500000E  05 
5.600000E  05 
5*7000006  05 
5*5000006  05 
5.900000E  05 
*.0900006  05 
*.1000006  05 
*.2000006  05 
*•3000006  05 
*•4000006  05 

6.5000006  05 

6.6000006  05 

6.7000006  05 

6.5000006  05 

6.9000006  05 
7.000000F  05 

7.1000006  05 

7.2000006  05 

7.3000006  35 

7.4000006  05 

7.5000006  05 

7.6000006  03 

7.7000006  05 

7.5000006  05 

7.9000006  05 
5.0000006  05 

5.1000006  05 

8.2000006  05 

5. 3000006  05 

8.4000006  05 

8.5000006  05 

8.6000006  05 

8.7000006  05 

8.8000006  05 

8.9000006  05 
9.0000006  05 

9.1000006  05 

9.2000006  05 

9.3000006  05 
9.490900E  05 
9.50C000S  05 

9.6000006  03 

9.7000006  05 

9.8000006  05 

9.9000006  05 


5.6409916  01 
6.13771SE  01 
6.6767046  01 
7.2612706  01 
7.8949636  01 
8. 551S67E  01 
9.3250716  01 
1.0129806  02 
1.1000376  02 
1.194138E  02 
1.293874E  02 
1.4057346  02 
1.5243266  02 
1.A52282E  02 
1.7902 53E  02 
1.9389646  02 
2.099157E  02 
2.2716296  92 
2.4572246  02 
2.656836E  92 
2.8714196  92 
3.1019626  02 
3.3495346  02 
3.6152656  02 
3.9003156  02 
4.2059486  02 
4.5334986  02 
4.8843446  02 
5.2599746  02 
5.6619156  02 
6.0913276  02 
6.5514156  02 
7.0424796  02 
7 <  566958E  92 
8.1268336  02 
8.7242186  92 
9.3613316  02 
1.0040516  93 
1.0764206  03 
1 . 1 53493E  03 
1.235543E  93 
1.3228566  03 
1.415717E  03 
1.514448E  03 
1.619368E  03 
1 .7308 1 8E  03 
1.8491546  03 


2.525J27E-OJ 
2.5275596-01 
2. 4853486-01 
2.3981536-01 
2.2669106-01 
2.0940896-01 
1.5838416-01 
1.6421476-01 
1.9769696-01 
1.0983856-01 
8.1872466-02 
5.5269396-02 
3.1749126-02 
1.3291306-02 
2.1442656-03 
8.3276406-04 
1.2163916-02 
3.9231286-02 
8. 5416926-02 
1.5439136-01 
2.5011096-01 
3.7681266-01 
5.3900656-01 
7.4146496-01 
9.8920786-01 
1.287487E  00 
1.6417636  00 
2.05768 7E  00 
2.5413646  00 
3.0978306  CO 
3.734009E  00 
4.4556796  00 
5.2689296  00 
6.1798046  00 
7. 194261E  00 
8.3181116  00 
9.5569566  00 
1.091613c  01 
1.2400636  01 
1.4915036  01 
1.5763446  01 
1.7649406  01 
1.9675786  01 
2.1644756  01 
2.4157676  01 
2.6614966  01 
2.9216086  01 


Figure  20  Stability  Map  for  Four  Foie  Monopolar 


APPENDIX  III  Computer  Program  -  The  Rtffxwgt  of  a  Rotor  with  Tlmevarving  ,  .  . 

Magnetic  Forces 

This  appendix  describes  the  computer  program  PN0354:  "The  Reaponae  of  a  Rotor 
with  Tima varying  Magnetic  Forcea"  and  gives  the  detailed  Inatructiona  for  ualng 
the  program.  The  program  la  baaed  on  the  analyaie  contained  in  Appendix  X 
(and  Appendix  VIII)It  calculates  the  whirl  amplitude  of  an  alternator  rotor 
which  la  eccentric  and  misaligned  with  respect  to  the  axis  of  the  alternator 
stator. 

The  response  program  has  most  features  in  common  with  the  stability  program. 

Both  programs  employ  the  same  model  of  the  rotor-bearing  system  and  the  form  . 
of  the  generator  magnetic  forces  is  the  same  for  the  two  programs.  Hence, 
much  of  the  input  data  is  the  same  for  the  two  programs  and  in  giving  the 
Instructions  for  preparation  of  the  Input  to  the  response  program,  reference 
will  be  made  to  the  Instructions  already  given  for  the  stability  program  in 
Appendix  XI. 

COMPUTER  INPUT 

An  input  data  form  is  given  in  back  of  this  appendix  for  quick  reference  when 
preparing  the  computer  input  data.  In  the  following  the  more  detailed  instructions 
are  given  except  for  those  parts  which  have  already  been  covered  in  Appendix  XI. 

descriptive  text  may  be  given,  identifying  the  calculation. 

This  is  the  "Control"  cards  whose  values  control  the  rest  of  the 
input.  It  is  identical  to  card  2  of  the  stability  program  with  a  few  exceptions, 
the  major  one  being  that  the  previous  item  3,  NQ,is  eliminated. Card  2  has  11  values: 

1. NS  specifies  the  number  of  rotor  stations  (NS  £  50) 

2. HB  specifies  the  number  of  bearings  (1  -  NB  ^  10) 

3. KA  see  Appendix  XI 

4. KC  see  Appendix  XI 
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3. HIP  see  Appendix  XI 

6. HPD  see  Appendix  XI  " 

7.  INC  eee  Appendix  XI  "* 

8. HH  In  the  reeponee  calculation,  the  program  evaluates  the  frequency  response 

of  the  rotor-bearing  system  at  certain  discreta  frequencies.  These  frequencies 
are  the  harmonics  of  the  magnetic  force  frequency,  i.e.  at  0,12,212^  3ft/4ft#atc., 
where  -ft  is  the  magnetic  for-e  frequency  (in  the  stability  calculation  the 
frequencies  ere  —  ) .  NH  specifies  the  number  of  the  highest 

hermonic  such  that  the  highest  frequency  is  (NH)  *ft  ,  NH  must  be  equal  to  or 
greater  than  1  but  it  cannot  exceed  10. 

9. NSP  see  Appendix  XI, card  2,  item  10 

10. NDIA  see  Appendix  XI, card  2,  Item  11 

11 . I HP  see  Appendix  XI, card  2,  item  12 
Card  3  (1P5E14.6) 


See  Appendix  XI 
Fo  t  or^Da  t  a^J^8E9_  2^ 

See  Appendix  XI 

See  Appendix  XI 
Pedestal  Data_^8E9^2 ) 

See  Appendix  xi 

Whirl_Orbit_Points_in_Outgut_^lP5E14i62 

The  rotor  amplitudes  x  and  y  are  calculated  for  each  rotor  station  in  the  form: 
NH 

X=  Z  [>^k  CosO<fti) -XSkSi'n(kftt)]  (M.l) 

k%0 

NH 

U  =  Z  [uCk  Co$(l<ftt)  -  <1sh  si n(kftt)  ]  (M.2) 
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where  15  1*  the  frequency  of  the  magnetic  force*  in  radlans/sac,  t  if  tiiM^ 

In  teeond*  end  NH  1*  item  8  on  eerd  2.  The  progrea  output  lists  i 

fa  end  fa  for  0  d*  |c  -  NH.  However,  in  order  to  get  the  maximum  amplitude 
it  ia  necessary  to  celculete  the  whirl  orbit  whoee  coordinate*,  of  courae,  ere 
x  end  y  from  eqa.  (M.l)  end  (M.2).  Thia  ia  don*  by  calculating  x  end  y  at 
diecrete  point*  along  the  orbit.  Let  U)  be  the  angular  spend  of  the  rotor. 

Then: 

kfli  -  k  (S)  (cot)  Qii  jNH  (m.3) 

vh.r.  (0)  i.  ch.  fixed  ratio  between  the  magnetic  fore,  frequency  and  the 

apeed  of  the  rotor  (aee  the  following  input  card).  By  varying  (cot  )  froa 
0  to  360  degreea,  the  complete  whirl  orbit  for  one  shaft  revolution  can  be 
obtained.  The  preaent  Input  card  specifies  what  range  of  (<ot  )  is  desired 
and  in  how  big  increments  the  range  should  be  carried.  The  card  has  four  values: 

1.  Initial  value  of  (tot  ) ,  degrees 

2 .  Final  value  of  (<ot  ) ,  degrees 

3.  Increment  of  (<ot),  degrees 

4.  The  lower  limit  of  amplitude  values  of  interest  in  inches.  This  item  is 

included  because  it  frequently  happens  that  the  amplitudes  of  the  higher  har¬ 
monics  are  very  small.  Then  there  is  no  need  to  Include  them  in  the  output. 

This  input  item  specifies  what  is  the  smallest  amplitude  value  of  interest 

which  may  be,  say,  10  **  inches  (1  microinch). 

2E22JL£2£2-Ii£££ii;£2 

See  Appendix  XI 
Magnet ic_Force_Data 

See  Appendix  XI  but  disregard  all  references  to  Qref 

Ro to r_Ec centric ±jt^_and_M±3 alignment ^Coordinate IP AE 14^6^ 

The  forces  and  moments  that  cause  the  rotor  to  whirl,  only  act  when  the  rotor 
axis  does  not  coincide  with  the  axis  of  the  alternator  stator.  Four 
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coordinates  are  naadad  Co  define  the 
tba  altarnator  axis: 


Alternator 


•  *0 

[]  Stafor  Axia 


xsfdaag 


of  the  rotor  axis  with  raapact  to 


Here,  and  ljt  ara  tha  two  eccentricity  components  in  the  centerplana  of 

the  alternator,  and  &0  and  ^  are  the  two  corresponding  misalignment  angles. 

These  values  are  given  on  a  card  which  follows  next  after  the  magnetic  force  data. 
If  KO-1  (card  2,  item  4),  all  four  values  must  be  specified: 

1.  Eccentricity,  X,  of  rotor  in  the  centerplana  of  the  alternator,  x-direction, 
inches . 

2.  Eccentricity,  ijt  of  rotor  in  the  centerplane  of  the  alternator,  y-direction, 
inches . 

3.  Misalignment  angle,  ©0  ,  of  rotor  axis  with  respect  to  stator  axis  In  the 

x-plane,  radians  or  Inches /inch. 

4.  Misalignment  angle,  ,  of  rotor  axis  with  respect  to  stator  axis  in  the 
y-plane,  radians  or  inchas-inch. 

If  KC—  0,  only  two  values  can  be  specified.  There  will  be  one  card  with  two 
values  and  one  of  the  following  two  possibilities  apply. 

KOO 

1.  ,  Inch 

2.  lj0  ,  inch 

KOI 

1.  &•  ,  radians 

2 .  <p0  ,  radians. 
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This  data  applies  when  NPD-0  (Item  6,  card  2).  Tha  Instructions  for  preparing 
the  Input  sra  the  seae  as  previously  given  in  Appendix  XX.  However,  eq.  (L.3) 
should  be  changed  to  read : 

S*  oi(£)/  2(8),  3(2), — ,(m)(8)  <m.4) 

This  does  not  affect  the  number  or  the  fora  of  the  Input  cards  but  only  redefines 
those  frequencies  at  which  the  bearing  coefficients  must  be  evaluated  when  the 
lubricant  is  compressible  (INC-1,  Item  7,  card  2). 

This  data  applies  when  N?D  ^  0  (card  2,  item  6).  The  lnatructlons  for  preparing 
the  input  are  the  same  as  previously  given  in  Appendix  XI.  However,  when  the 
lubricant  Is  compressible  (INC-1,  item  7,  card  2)  those  frequencies  at  which  tha 
pad  film  coefficients  are  evaluated,  are  given  by  eq.  (M.4),  not  eq.  (L.3). 

COMPUTER  OUTPUT 

Referring  to  the  later  given  sample  calculation,  it  is  seen  that  the  first  three 
pages  of  the  computer  output  repeats  the  input  data  in  the  same  order  in  which 
it  is  read  in  by  the  computer.  The  only  input  data  which  is  not  repeated  in 
the  output,  is  the  card  with  the  speed  data  and  the  card  specifying  the  points  on 
the  whirl  orbit. 

Next  follow  the  results  of  the  calculations.  First,  the  rotor  speed  is  identi¬ 
fied  and,  immediately  after,  the  calcualted  rotor  amplitudes  and  slopes  at  the 
centerplane  of  the  alternator  are  given.  There  are  10  columns.  The  first  column 
identifies  the  harmonic  of  the  oscillation  (i.e.  0,  1,  2,... times  the  frequency 
of  the  magnetic  forces) ,  and  in  the  second  column  are  the  corresponding  fre¬ 
quencies.  The  8  remaining  columns  give  the  cosine  and  sine  components  of  the 
two  amplitudes  (x  and  y)  and  the  two  slopes  and  9 r  Jr  Tlie 

resulting  motion  is  obtained  from  eqs.  (Ml)  and  (M2)  and  the  analogous  ones 
for  6  and  (p  .  Here,  NH  is  the  number  of  the  highest  harmonic  (in  the  sample 
case,  NH-5) ,  -12  is  the  magnetic  force  frequency,  radians/sec,  C  is  time  in 
seconds,  and  lc  is  the  number  of  the  harmonic,  given  in  Column  1.  In  the  output 
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X  <C>-  W'"‘S  *(S)  -X**,i»«4,Y(C)  -Vow*"*,  T(S)  DX/MCO- 

(  DX/DZ(S)  -  ftj*y  inch/inch,  DT/DZ(C)  -  fc«;  Inch/inch  ,  and 
DT/DZ(S)  -ft*,  Inch/Inch.  Theca  data  are  given  since  they  result  from  the  most 
Important  part  of  the  calculation,  namely  the  solution  of  the  simultaneous  aquations 
given  by  eq.  (K.23),  Appendix  X. 

V. 

\  m 

Thereafter  thero  is  one  page  of  output  $or  each  rotor  station.  The  rotor  station 
is  identified  first,  followed  by  c  list  similar  to  the  one  described  above  except 
that  no  data  are  given  for  &  and  (f)  .  Next,  eqs.  (M.  1)  and  (M.2)  are  used  to 

calculate  the  rotor  motion  and  the  results  are  given  in  a  five  column  list  under 
the  title  "WHIRL  ORBIT."  For  this  purpose,  eqs.  (M.l)  and  (M.2)  are  rewritten 


as: 

AM 

X  »  Z  Cos(k(2M  -X,„  Sih(k(Q)(ot)  ] 


(M.5) 


c*  cos(k(£)e*t)  -  i]Sk  s.‘n(k(£)cot)] 

/n\ 

where  CO  is  the  angular  speed  of  the  rotor.  With  being  a  fixed  ratio. 

Cot  is  varied  over  a  range  as  specified  in  the  input.  The  value  of  Out  gives  the 
mgle  of  rotation  of  the  shaft  such  that  as  lot  goes  from  0  to  360  degrees,  the 
shaft  makes  one  revolution.  Tue  first  column,  titled  "SHAFT  ROTAT,  DEG",  specifies 
the  value  of  Cot  .  For  a  given  value  of  Cot  ,  eq.  (M.5)  can  be  used  directly  to 
calculate  the  amplitude  components  x  and  y,  and  the  values  are  given  in  the  output 
in  the  columns  entitled  "X"  and  "Y".  They  are  in  inches.  Hence,  x  and  y  are 
simply  the  coordinates  of  the  whirl  orbit  described  by  the  center  of  the  shaft  during  one 
revolution  of  the  shaft.  The  output  •  1®°  •  gives  the  coordinates  of  the  whirl 
orbit  in  polar  coordinates  in  the  two  last  columns  where: 


"AMPLITUDE"  -  Vx*  +  « j*  inches 

"ANGLE  X-AMPL"  -  t<m~l  fi/x  )  degrees 


Thus  the  amplitude  gives  the  "radius"  of  the  orbit,  and  the  angle  is  the  angle 
from  the  x-axis  to  the  amplitude  directlou,  positive  in  the  direction  of  rotor 
rotation. 
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SAMPLE  CALCULATION 


Th«  response  of  a  4  pola  hoocpolar  alternator  haa  bean  calculated  to 
illuatrata  the  use  of  tha  program.  The  rotor  la  a up port 3d  in  two  gas  lubri¬ 
cated  tilting  pad  bearings,  and  the  bearings  have  four  shoes  with  the  static 
load  passing  between  the  pivots  of  tha  two  bottom  shoes.  In  the  centerplane 
of  the  alternator  (rotor  station  7),  the  center  of  the  rotor  coincidee  with  the 
canter  of  the  alturnator  but  the  rotor  axis  is  misaligned  0.002  Inches/Inch 
with  respect  to  the  magnetic  axle  of  the  alternator  which  raaulta  in  a  pulsating 
force  of  84  lbs  at  a  frequency  of  tvica  Che  shaft  speed  acting  on  the  rotor. 

Vlth  the  two  first  critical  speeds  at  approximately  14,700  rpa  and  16,000  rpm 
it  ia  found  that  the  maxlmut  response  occurs  at  half  these  speeds.  However, 
only  the  fundamental  harmonic  ia  excited  with  a  significant  amplitude  and  the 
amplitudes  of  the  higher  harmonics  are  of  no  practical  Interest. 


1.  MS  •  Number  of  rotor  stations  (NS  £  50) 

2.  NB  -  Number  of  bearings  (NB^IO) 

3.  KA.  |KAj«  Rotor  station  number  at  which  magnetic  forces  act 

KA >  0:  forces  only,  no  moments 
KA  <  Os  moments  only,  no  forces 
KA  >  0,  KC— 1 :  both  forces  and  momenta 

4.  KC  KC-0:  the  magnetic  forces  or  moments  are  proportional  to  amplitudes 

KOI:  the  magnetic  forces  or  moments  are  proportional  to  slope 
KC— 1:  there  are  both  magnetic  forces  and  moments 


|  KC  —  0 


5.  NRP  NRP-0:  bearing  pedestals  are  rigid,  no  pedestal  Input  data 

NRP-1:  flexible  bearing  pedestals,  pedestal  Input  data  required 

6.  NPD  NPD-0:  fixed  geometry  bearings 

NPD  —  1:  number  of  pads  in  tilting  pad  bearing,  load  between  pads 
NPDi  -1:  |NPD|  -number  of  peds  in  tilting  pad  bearing,  load  on  pad 

7.  INC  INC-0 :  bearing  lubricant  is  Incompressible 

INC-1:  bearing  lubricant  is  compresclble 

8.  NH  -  Number  of  frequency  harmonics  in  stability  calculation  0  ^  NH  ^  10) 

9.  NSP  -  Number  of  speed  ranges  with  accompanying  data  (NSP  ^  1) 

10.  NDIA  NDIA-0:  rotor  impedance  matrices  not  included  in  output 
NDIA-1:  rotor  impedance  matrices  included  in  output 
NDIA— 1:  diagnostic 


11.  INP  INP-0:  more  input  follows,  starting  from  card  1 
INP-1:  last  set  of  input  data 
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Card  3  (1P5K1A.6) 


2 

1.  TM  ■  lounge  modulus  for  shaft  Material,  lb* /id 

2.  DHST  ■  Weight  density  of  shaft  material,  lbs/in^ 

2 

3.  SHH  -  *  G,  where  G  is  shear  Modulus,  lbs/in  ,  and  rf  is  shapa  factor 
for  shear. 


Rotor  Data  (8B9.2) 

Give  NS  cards  with  7  numb e is  on  each  card : 

1.  Mass  at  rotor  station,  lbs. 

2 

2.  Polar  mass  moment  of  inertia  at  rotor  station,  lbs-ln 

2 

3.  Transverse  mass  moment  of  inertia  at  rotor  station,  lba-in 
A.  Length  of  shaft  section  to  next  station,  inch 

5.  Outer  shaft  diameter  for  cross-sectional  moment  of  inertia,  inch 

6.  Outer  shaft  diameter  for  shaft  mass,  inch 

7.  Inner  shaft  diameter,  inch. 


Bearing  Stations  (1115) 

List  the  rotor  stations  at  which  there  are  bearings,  in  total  NB  stations 


Pedestal  Data  (8E9.2) 


This  data  only  applies  when  NRP-1  (card  2,  item  5).  Give  a  total  of  NB  cards 
with  6  values  per  card: 


1. 

2. 

3. 

A. 

5. 

6. 


Pedestal  mass,  x-direction,  lbs. 

Pedestal  stiffness,  x-direction,  lbs /inch 
Pedestal  damping,  x-direction,  Ibs-sec/inch 
Pedestal  mass,  y-direction,  lbs. 

Pedestal  stiffness,  y-direction,  lbs/inch 
Pedestal  damping, y-direction,  lbs-sec/inch 


t 


Whirl  Orbit  Points  la  Output  (1P5E14.6)  f 

Give  one  card  with  4  values: 

1.  Initial  value  of  cot  ,  degress 

2.  Final  value  of  cut  ,  degrees 

» 

3.  Increment  of  cot  ,  degrees  ! 

it 

4.  Lower  Halt  for  amplitude  values  of  interest.  Inch 

Mote:  The  following  data  aust  be  repeated  NSP-tiaes  (Card  2,  Item  9) 
Speed  Data  (1P5E14.6) 

Give  one  card  with  5  values: 

1.  Initial  speed,  rpa  , 

2.  Final  spaed,  rpm 

3.  Speed  Increment,  rpa 

4.  Ratio  of  magnetic  force  frequency  to  rotor  speed 

5.  Scale  factor  for  determinant  (set  equal  to  mass  of  rotor) 

Magnetic  Force  Data 
Card  (1P5E14.6) 

1.  Static  gradient  of  magnetic  force,  Q9  ,  lbs/in 

2.  Static  gradient  of  magnetic  moment,  Qt  ,  lba-iach/radlan 

Cards  (1P4E14.6) 

a.  If  £C— 1  (card  2,  item  4),  glva  3  cards  with  4  values  per  card: 


fa 

P*e 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

h 

ho 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

hi 

R  -■ 

S' 

/ 

V 

* . 

.  * 

a 


2 

\ 

T 

# 


I 
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Th«sc  are  the  gradients  of  the  tlmevarying  aapaetic  forces  and  ■omenta: 
Ott,  fa,  fat  fatli]  in  Winch 

$*•  i  $tf  tfa  }  fa  1^*9  J$x ft  in  lba/radian 

,Qf*,Qfj  jfa  ,<?*,,  fax,  fa  in  lbs-inch/inch 

Qti ,  Q*f  ,  Of*  j  Of y ,  ? «» ,  <?#f  ,  <?f s  ,  in  Ibs-inch/radian 

b.  If  KOO,  give  4  cards  with  2  values  per  card 


KA  > 

_0 

KA^ 

,0 

0** 

Ottj 

$9* 

$i)x 

fa 

Qfx 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

c.  If  KOI,  give  4  cards  with  2  values  per  card 


KA  >  0 
Qxe  Q*f 
ty*  $<)f 
fa  f*f 


KA  <1  0 
$99  $9<f 

Qfr  fa 

fa  $9<f 


fa  fa 


fa  fa 


Po tor  Eccen t ricity  and  Misalignment  Coordinates  (1P4E14.6) 


Give  one  card  with  either  4  or  2  values  on  it: 


a.  If  KO-1: 


1.  X0  ,  eccentricity  of  rotor  in  alternator  centerplane.  x-direction,  inch 

2.  lj0  ,  eccentricity  of  rotor  in  alternator  centerplane,  y-direction,  inch 

3.  6a  ,  misalignment  angle  in  x-plane,  radians  or  inches/inch 

4.  ,  misalignment  angle  in  y-plane,  radians  or  inches/inch 


b.  If  KOO: 

1.  V*  ,  inches 

2.  ijc  ,  inches 

c.  If  KOI: 

1.  ©o  ,  inches /inch 

2.  (p0  ,  inches /inch 
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Bearing  Sat*.  F tred  Ceo— - etry  (8E9.2) 

Applies  when  NPD-0  (-ard  2,  Item  6).  If  the  lubricant  la  incompressible  (INC-O; 
card  2,  item  7),  give  one  card  per  bearing.  If  the  lubricant  is  compressible 
(INC-1),  giv*  (NH+D-cards  per  bearing  (NH  is  item  8,  card  2).  Each  card  gives 
a  set  of  8  bearing  coefficients: 

1.  Spring  coefficient  K  ,  lbs/inch 

2.  Damping  to 8**  ,  lbs/inch 

3.  Spring  coefficient  K  ,  lbs/inch 

4.  Damping  f  lbs/inch 

5.  Spring  coefficient  K  ,  lfcs/inch 

6.  Damping  Co8^x  ,  lbs/inch 

7.  Spring  coefficient  K  ,  lbs/inch 

yy 

8.  Damping  CuOiju  ,  lbs  /inch 
Searing  Data,  Tilting  Pad  Bearing 

Applies  when  NPD  ^  0  (card  2,  item  6).  Define  the  number  NPDi  by: 


if  NPD  —  1  (load  between  pads):  /  ^  e^*n»  *hen 

^  NPD  odd,  then: 


NPD1«1/2*NPD 
NPD1-1/2. (NPD+1) 


if  NPD  dr  -1  (load  on 


(NPDi  even,  then:  NPD1-1/2  •  (NPDi  +1 
| NPD|  odd,  then:  NPD1-1/2* (  )NPD|  +1) 


NPDI  is  the  number  of  pads  for  which  input  is  required  per  bearing.  If  the  lub¬ 
ricant  is  incompressible  (INC-0;  card  2,  item  7),  give  two  cards  per  pad.  If 
the  lubricant  is  compressible  (INC-1),  give  (NH+2)-cards  per  pad.  In  either 
case  the  first  card  is: 

(1P5E14.6) 

1.  Pitch  mass  moment  of  inertia  divided  by  the  square  of  the  journal  radius,  lbs 

2.  Pad  mass,  lbs 

3.  Radial  stiffness  of  pivot  support,  lbs/inch 

4.  Angle  from  bearing  load  line  to  pivot  point,  degrees. 
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Tn'tti  follow  1  card  if  7.M>0,  or  (NI?+l)-carda  If  INC-1.  with  the  8  dynamic  coefficients 
for  the  pad: 

Cardr  (8E9.2) 


1.  Spring  coefficient  K  ,  lbs/inch 

2.  Damping  »  lba/inch 

3.  Spring  coefficient  K  ,  lbs/inch 

4.  Damping  >  lbs/inch 

5.  Spring  coefficient  K  ,  lbs/inch 

6.  Damping  CoB^,,  lbs/inch 

7.  Spring  coefficient  K  ,  lbs/inch 

yy» 

8.  Damping  OiOtjtj  ,  lbs/inch 

These  (NH+2)-cards  must  be  repeated  NPD1  times  per  bearing,  and  there  must  be 
one  complete  set  for  each  bearing  (there  are  NB  bearings). 


07/15/A? 

|N  -  im  source  state* :mt  -  w* isi  - 


TTPni7  J.  CDHB  MECHANICAL  TECHNOLOGY  IN«*„ 

PN554«RESPCNSE  OF  At) TUB  WITH  MAGNETIC  FORCES 

XOMon/a/  rxxxi ic.i.i.bcxxi  .o.ii *,bxxv«  *o.;*i,8cxy».;,i*i, 

llKYXUO.ill.BCVXI.  ),U),MYY(  .G,U)  ,8CVV(lU.)il,PNiM(  .0,91 1 
lfA0MliO.5J.PADM  10,  5),  PANG!  .0, 5 1  ,0E  VNI A  ,  A I  ,  WCC I*.  1  •  .CPA  1 4.S  I  . 
SCNCfA.BI  .AMR  14.8’,  AM  el  A, 8). MR  I  4, 4  I, WE  I  4, 4  ).MA<  4.4) .W«(A,4> . 
~*6Cr4,4),WG(4,A) .WSUC4.4I,UR(4,4),UE(4,..) ,EMH(4,4l,tMEf4,4), 

5XR (4.1. I ,XE (A. 11 1 

COMMON/B/  PKXXUG.5.11  J.PCXXI  .0.5.1.  t.PKX  Yl  10,5, 1*  J  .PCXYU0.5,  .  .1  . 
1PKYXI1G.5«..J«PCYX( .0.3,ii),PKVYI.O,5,*l > .PCYYC  .3.5.1  .J. 
2GR<2,8,50),C£<2,8, JwJ.SRIA.A. .1 ) ,S£ 14,4, . 1 ) ,XCSI 4 , 50, .11. 
3XSSI4.50.1.  J. YCSU.il,  11 1 .YSSIA.5G.il I 
COMMON/C/  RM<  33)  ,RIP<  Jt’),iUTI.jO),RS130),RWl  301  ,R0I3u)  .RLC30). 
10VXA(30).!)VXB(30),OVXC(30),l)VXD( 3G) .UVYAI 30  J ,DVYB I  30 J .OVYC 1 39 1 . 
20VYQUU  .D'JtJXI  30),UVUY<39),UMUX<  30)  .OMUY  (  30  J  .OMXAI  30.8.(30). 
3B2(30).e3t30).BA(30).B5(3GI.Bo(3C).B7(3a).&tM30).89(3,).810(30) . 
APMXI 10 ) . TkX ( .0 ) . POX  I i3)»PHY(iGI,PKYI19)»PDYIi0)»SXX(i.)»0XXIi0) . 
5SXY(10r.DtYll0).SYX(lj).DYXI .u) » SYY (10) .OYY (.OI.LBIIOI. 

6X2(Al ,X2i(4) 

COMMON/D/A  t , A2, A3, A**,  As,  A6«  A7.A8.NF .FRQ.KC, SCF l,N01A,KG2,NS,KB, 

•  IK»NH2tKN,AMLM»SP0»SFRL,SFU,WTST,WTIN»wTF»  NHi 
COMMON/  1/Kll  1.K03.C. »C2 .NB.KA.NRP.NPD. INC , NH.NSP. INP, YM.ONST . SHM. 
•SPST.SPFN.SPIN/SCF.U2.QZP.K..K1.  WTFN 
COMMON/F/BMXC.dMXS, BMYC. BMYS  »  VXC , VX  S» VYC .VYS.XC.XS.YC . YS.DXC .OXS. 
•DVS.C3.C4,  NS.,  NP  L)  i ,  NP02,  UYC,  NSPi 


WRITE  (a, 99) 

1 

190 

RE AO  15,10-1 

2 

READ  (6.13.)  NS,  Mb,  h A .  KC,  MKP,  NPO,  INC,  NH.  NSP.NOIA.INP 

3 

READ  ( 3  r 1 J . )  VM,  ONST,  SHM 

25 

HRITE(fc.iOO) 

27 

16 

WMTEIt.iJJ) 

28 

i7 

HR  I TE ( t,. 04 ) NS, NB.XA.XC.NRP, NPO, INC, NH, NSP.NOIA.INP 

18 

WRITE(o,*03) 

30 

19 

HRITE(6,10i)YM, ONST, SHM 

31 

20 

0NST»0NST/386.0o9 

32 

NS1-NS- . 

53 

NH.»NH-»  . 

3A 

IF(KC)  196, .93, .95 

.95 

K0.«4 

KQ2«2 

KQ3»6 

GO  TC  .97 

196 

K0.»8 

K02*A 

KQ3-8 

197 

IFIKA)  .98,499, .99 

198 

KB*-KA 

36 

GO  TO  100 

37 

199 

KB-KA 

38 

200 

0PIT6(6».2C) 

39 

36 

NftIfEI6,.J3) 

AO 

37 

00  203  J*.»NS 

A. 

READ  (5, .0.1  RMIJI,  R  l  P  (  J  1 »  RITIJ),  RLIJ),  RSI J ) ,RW ( J ) .KO ( J I 

AO 

WRITE(o»iJ7)J,RMIJI,RlP<J)«KII(J),RL(J),KS!J)»Rw!J)«R£MJI 

43 

A8 

RM( JI-RMI J)/3bS.3t9 

44 

-198- 
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TWO  -  EFN  SUiUCt  STAHNeNT  -  IFNtS)  - 

RIP(J)»RIPU)/366.  o9  45 

AIM  J I -**  1 T f  J)/264.<-o9  4* 

Cl  •C,0*->0d/?85»Y*»<rfS<  J)»**-RUU  >••**»  47 

RMUI-v  .785398  6«0 *ST« < AW t J ) ««2-»0 J J ) *«2 )  4* 

C2 »1. 37: 796 J*SHN»( RSI J (••2-HOt J)**2  »  49 

AS  t  J I  »C  SO 

IFIC2I  20- , 2C2 ,  20 .  5* 

201  A0(J)«C  /C,  Si 

GO  TO  2  j3  53 

202  R0(J)-3.0  54 

203  CONTINUE  55 

RE  AO  (5,iJ. I  (LB( J  1 1  J-l.NBI  54 

MR  I TE I  6 , 4 09 )  57  91 

WRITE(6,19.)U8<J),J«t,NB)  58  92 

IF(nRP)  2i0.210.2C4  59 

704  WRITEt6.il.)  60  100 

WRITt(6.ii2)  6i  101 

DO  2  35  J»1,.MB  62 

READ  (5.106)  PMX  (  J  I  .  PKXfJ),  PDX(J).  PHY(J),  PKY(J),  POY(J)  104 

WRITE (6. *0/1  LB t jJ.PHXt J),PKX< J) ,PDX( J) ,PMY ( J) , PKY t J ) , POY t J )  64  111 

PMXt J)*PMXI J)/38o. 069  65 

205  PMY(J)*PMY(J)/3o6.jo9  66 

210  IF(NPO)  2.4,217,2-i  67 

211  IFttNP0/2)«2-NP0)  ii3.212.2i2  68 

212  NPDl*NPD/2  69 

NPD2*-2  70 

GO  TG  2  .7  71 

213  NPDi ■ ( NPD+  .  ) / 2  72 

NP02--.  73 

GO  TC  £.7  74 

214  NPDi*-NPO  75 

IFUNPC*/2)«2-NP0.  )  216,215,24.5  76 

215  NPD.-NPOl/i+t  77 

NPC2«6  78 

GO  TO  2.7  79 

216  NP0»  » ( NPDi ♦ 1 ) /2  80 

NPC2*i  61 

217  NSPi«i  82 

RE AC  15.102)  WTST ,  WTFN,  WTIN,  AHLM  145 

230  READ  (5,132)  SPST,  SPFN,  SPIN,  SFR,  SCF  14* 

Bean  1 5 . ' o 2 *  QZ :  O’P  147 

WRITE(6,ii31  148 

WRITE(e,ii4)  149 

WR ITE ( 6, ,32 )  OZ.OZP  150 

WRITEI6.115)  151 

00  218  I-1.KQ2 

READ  (5,138)  (WOII.J),  J-l,KOi)  154 

WRITE(6,138>  ( WQ ( I « J I . J*1 ,KQ2 )  159 

218  CONTINUE 

WRIT6I6,T2o1 . 16* 

00  219  I-1.K02 

READ  (5.138)  (WSOt I.JI.J-1.KQ2)  1*4 

WRITE  16, 133  MWSQt I ,JI , J-1.KQ2)  174 

219  CONTINUE 

READ  (5,438)  (XZU),  I-1.KC2)  161 

- wntTFt67i2T) - nr 
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zffi  source  STATEMENT 
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t*C 


IMISI  - 


hutei  .u;.ii*zm,i>.,nja 

SF«l-0.  047.976-SFR 
M  I T  C  ( «  .  .  .  ^  I 
IFIIKC7 
<4.  *»«. 

GO  TC  243 

242  k.»nh; 

243  00  255  J-4.NB 
WRITE!*, *1 7  M.BI  Jl 

1  F  I NPO )  25.,<44,25v 

244  HRITE(6,i4b) 

00  245  I-*, Kj. 

K  2  ™ 1  —  3 

READ  (5,  .Oa)  BKXXIJ.II,  8CXX(J,I),  BKXY!  J  ,  I  )  ,BCXY(  J  ,  I  )  ,  BKYXI J, I  I , 
1BCYX(J,I),  BKYYIJ.l),  BCYYIJ.II 

-iUTEI6,207>K2,8KXXIJf  I) , 8CXX ( J , II , BKXY! J , I> , 8CXY I J  ,  1 1 , BKYX I J , I J , 
j.BCYX(J,I),BKYY(J,l),BCYYfJ,ll 

245  CONTINUE 

IF  C  INC  »  255,246,-  55 

246  DO  247  1-2, NNi 
BKXX(J,I)-BKXX(J,1) 

BC<X(  J,n-BCXX(  J,i  J 
BKXYIJ.II-BKXYIJ.II 
BCXYI J,IJ»8CXY< J,i» 

BKYXI J,I I-BKYXI J,i I 
BCYXIJ.n-BCYXI  J,i  J 
BKYY I J  » I ) * tfKYY I J , *  > 

247  BCYYIJ,I)*8CYYI J,4 » 

GO  TO  255 

250  DO  254  K-*,NPD. 

WRITEI6,1*9)K 
WRITE  I  6,220 ) 

READ  (5,10c)  PRINI J,K ) »PAOM( J,K) ,  PADKIJ.KI,  PANGIJ.KJ 
WRlTEIfc,i02)PMINIJ»K>,PA0H(J,K)»PADKl.J»K} , PANG  I J, K) 

PMINI J.KI-PMIN! J,K)/3Ug.069 
PACK  I J.KI-PAOMI J.K  1/386.0*9 
PANG!  J,  K I -0. 017453 29  3-PANGI J,KI 
WR I T  E  I  6 >  d  ) 

DO  25*  I-i. K1 
K2-1-1 

READ  <  5, 4O0 )  PKXXI J,K, I ) , PC  XX(J,K,I  ),PKXY(J,K,I), PC  XY(J,K,I), 

*PK YX ( J  ,  K , I ) ,  PCYXIJ.K.II,  PXYYI J,K, I J.PCYYI J,K,II 
WRITE(6.107IK2,PKXAIJ.K,  I),PCXX(J,K,I),PKXY(J,K,I),PCXY(J,K,I), 
1PKYXI J.K, I ) ,PCYX( J,K, I ),PKYY(J,K,n ,PCYY( J,K,I  ) 

25 4  CONTINUE 

IFIINC)  259,252,254 

252  DO  253  1-2, NH* 

PKXXI J.K, I J»PKXX<J,K, A» 

PCXX!J,K,l!»PCXX!J,K,4> 

PKXYI  J,K,n>PKXYIJ,K,*l 
PCXYIJ,K,I)*PCXYIJ,K,i) 

PKYXIJ.K, I >*PKYXIJ»K»4  I 
PCYXI  J,K,n-PCYX(J,K,il 
PKYYIJ.K.I) -PK Y Y I J , K, 1 7 

253  PCYYIJ,K,n«PCYYIJ,K,4» 

254  CONTINUE 


1»9 

96 

196 

97 

96 

99 

100 

101 

102 

204 

103 

104 

207 

105 

106 

210 

109 

110 

219 

111 

112 

113 

114 

115 

116 

117 

US 

114 

120 

122 

122 

123 

124 

255 

125 

256 

257 

127 

2L2 

128 

129 

130 

131 

273 

132 

133 

276 

136 

137 

285 

138 

139 

140 

14* 

142 

143 

144 

145 

146 

147 

148 

149 

TWO 


EFN  Sou-Ce  ST*  I  ■« I 


I*  -Mi) 


07/25/6? 


235  CONTINUE  150 

SPO-SPST  15 i 

260  WRITE (6,i2 .  ISPO  152  323 

SCFi«0..047i976«$PC  153 

SCFi-SCF*SCF.#$CF.  154 


Cl-O.S/SCF. 

00  261  I**,K02 
00  26 i  J«.,K02 
SR ( I «  J  t  NH. 1*0.0 
SE(I,J,NH.)*0.3 
WBII,J)*Ci«WQ(I,J) 
261  NC(  I,J)*-C .»WSQ( I, J) 


CALL  AA2  1*260,  *23:,  ti.90»  339 

99  FOKHAT  1 1H. ) 

100  FORMAT ( 72H  740 

i  741 

10.  FORMAT (  HI  ? )  742 

102  FORMAT  (1P5E14.6)  743 

103  F0RMAT(108H0 STATIONS  BEARINGS  MAGN.ST  F+H/F/M  RIG. Pel)  NO. 

1  PADS  COMPRESS  HARMONICS  NO. SPEEDS  OIAGNOS  INPUT) 

104  FORMAT! 16, .0113)  746 

105  FORMAT (42H0  YOUNGS  MOO.  DENSITY  (SHAPE  FACT)*G)  747 

106  FORMAT ( 8E9. 2 )  748 

x07  F0RHAT(I5,iPE16.6,:P7£14.6)  749 

108  FORMAT! :04H  STATION  MASS, LBS  POLAR  MON. IN.  TRANSV .MOM. IN  L  750 

LENGTH  OUT  .OIA(STIFF)  OUT.  0 1 A  ( MASS )  INNER  DIA.)  7*51 

109  FORMAT!  .7H0BEARING  STATIONS)  752 

110  FORMAT! UHOROTOR  DATA)  753 

11.  FORMAT!. 4H-.  PEDESTAL  OATA)  754 

112  FORMAT ( 89H  STATION  MASS-X.LBS  STIFFNESS-X  OAMPING-X  MASS  755 

l-Y.LBS  STIFFNESS-Y  OAMPING-Y)  756 

113  FORMAT (2QH.MAGNETIC  FORCE  OATA)  757 

114  FORMAT!27H:  Q(0), FORCE  Q(0), MOMENT) 

115  FOR MAT! 2 8HG MATRIX  OF  COSINE  COMPONENTS) 

.16  FORMAT  ! //t 3HGBE ARI NG  DATA)  760 

117  FORMAT!  L9U3BEARING  AT  STATION, 13)  761 

iia  FORMAT !  9HG HARMON  I C4X  3HKXX.0X5HW*BXX.0X3HKXY10X5HW*BXY  .0X3HKYX13X5H  762 

lW*BY^iJX3HKYY10X5HW»BYY)  763 

119  FORMAT ( 8H0PA0  NO.,!*)  764 

x2j  i-ukm»M53H  t*ircH  MUM. IN.  PAO  MASS  PIVOT  STIFFN.  PIVOT  ANGLE)  765 

1 2.  FORMAT! 13H. ROTOR  SPEED-, 1PE13.6,4H  RPM)  766 

.22  FORMAT ( //l jHuHARMONIC  NO. , I FREQUENCY*, 1PE13. 6, 8H  RAO/SEC)  767 

123  F0RMAT(21HJ8EARING  COEFFICIENTS)  768 

.24  FORMAT  t  8H  ST  AT  I UN5X3HKXX9X7HFKU*BXX9X3HKXY9X7HFRQ*BXV9X3HKY  X9X7HFR  769 

.Q»8YX9XjHKYY9X7HFR0»BYY)  770 

125  FORMAT ( 31H. ROTOR-BEARING  IMPEDANCE  MATRIX)  771 


l26  F0RMAT('6HjMATRIX  OF  SINE  COMPONENTS) 

.27  FORMAT! .OHJRtAL  PART) 

.28  FORMAT (  .5H. IMAGINARY  PART) 

129  FORMAT (4. H.COURDINATES  OF  5TAIIC  ROTOR  ECCENTRICITY) 

.33  FORMAT ( 34H -REAL  PART  OF  A-MATKIX  IS  SINGULAR) 

.3.  FORMAT!  3H  HARMONIC*, 15, UH  FREQUENCY* , 1PE 13. 6 ) 

.32  FORMAT  I  ,8H. ROTOR  STATION  NO. ,12) 

.33  FORMAT ( IsHjF INAL  MATRIX  IS  SINGULAR) 

.34  FORMAT  (•HH^AHft.  I  TUUEb  AT  ROIOR  STATION  WITH  MAGNETIC  FORCES) 

.35  FORMA ! ( . EH  HARMONIC  F « EQUE  !CY7X4HX ! C ) 10X4HX I S ) 10X4HY ( C ) 10X4H Y( S ) ) 
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*>  •  |»  V •.  #  l  n  I  unMi  i 


•  r  m  «« 


07/23/67 


136  F0RMAT(///.2H0NHIRL  ORBIT  ) 

*37  FORMAT (  oH  SHAFT  KlITAT *DE»5XIHX13X1HY9X9HAMPLI TU0E4X12NANGLE  X-AMP 
it) 

138  FORMAT  ( i.P4c  .4.61 

.39  FORMAT ( E.H  HARMONIC  FREOUcNC Y5X4HX ( C 1 8X4HX ( S 1 8X4HYC Cl 8X4HYC S 1 6X8 

iH<JX/DZlC>4X8M0X/DZIS)4X8HDV/DZCC)4X6H0Y/D2(S)  I 
ro  F0RMAT(42H;kEAL  PART  OF  iMPEuAriCE  MATRIX  IS  SINGULAR) 

.9*  FORMAT!!?, .Ptl6.4, :P8£i2*4l 

i42  FORMAT ! J7H. REAL  PART  OF  S-MATKlX  IS  SINGULAR«KS,I3) 

*43  FORMATIESHjINVERSE  IMPtOANCz  MATRIX) 

*44  FORMAT < i*H. INFLUENCE  COEFFICIENT  MATRIX  E  !XIJ)-E«F)  FOR  STATION*! 
*3) 

.45  FORMAT C46HJ INFLUENCE  MATRIX  A  ! XI J ) -A*X I  KB ) )  FOR  STATION, 13) 

*46  FORMAT  I SSHjINVtRSICN  MATRIX  FOR  A  IS  SINGULAR) 

.47  FORMAT! 35H. INVERSION  MATRIX  FUR  E  IS  SINGULAR) 

148  FORMATI38H3INVERS1QN  MATRIX  FOR  S  IS  SINGULAR, X-I 3) 

STOP 

ENO 


37/23/67 

SAL  -  EFN  SOURCE  STATEMENT  -  IFNI  SI  - 

SUBROUTINE  AA2  (•,•,•) 

COMMON/A/  8KXX(i.0,*:),BCXX(.e,il),8‘'.XY{iJ,:.l,6CXY(10,li), 
lBKYX(:0.ii),8CVX(10,i.il,BKYY|  *0,1*1  ,SC YV 1 10 ,i i I ,PHIN(  .0,5), 

2PA0MCG,5I  ,PAUK(  13,5I,PANG(  .C ,  5 ) ,UE VN( 4 , 4 J , *CC 1 4, 1 )  ,C6R  ( 4 , 8  )  , 
3CME(4,8l,ANR(4,8),ANE(4,8l,MK(4,4i,t,£(4,4),t,A|  4,4  I  ,W6  (4 ,4 1  , 

4HC (4,4),WQ(4,4)»WSC(4,4),UR(4»4),Uc(4«4) »  £MR( 4,  .),£*£ (4,4), 

SXR (4, 11), X£ (4, 111 

COMHON/B/  PKXX{iC,£,l*>,PCXX(..G,5,I.>,PKXYI*C,5,lll,PCXY(iO»5,;..>, 
lPKVX(20,5,*;),PCYX(*G,5,lli«PKYY(*0,5,4*),PCYY(l'J,5«l.  I, 
2GR(2«6,50),GEt2,8,5C),SR(4,<,,*l),StI4,4*ll)«XCS(4,53,.l), 

3XSS  14,50,1;  >,YC$(4,50,ll),YSS(4,50,.tl 
COMMCN/C/  HNI 30 ),R1P( 30 ).K(  I  (-CI,RS l 30  I, RW( 30)  ,RD< 30)  ,Bl(3C), 
10VXA(3C)«0VXS(3C),D/XC(30)«UVXD( 30  I ,DVYA ( 33 ) ,DVYB I  30 ) ,OVYC I  30 ) , 

2DVYDI 30 ) «  OVUX  (3u);0VUY(30)  ,OMUX(  30 )  ,  DM(JY  ( 30 ) ,  OMXAI  30 )  ,81(30), 

382 (3C),83(J0},B4(3C),B5(30l,Bo(30),B7(30),B8(30l,B9(33) ,810(30) , 

4PNX(  *0) ,PKX( *0 ) ,  POX  I .0),Pf1Y( l./l»PKY(tO)»PDY(.G),SXX(i_),DXX(lGt, 
5SXY(xG),0XY(.u),SYX(iG),0YX(ij), SVY ( *0 ) ,DYY  I  , 0 ) ,LB 1 10 >  , 

6*z(4)  ,xnii) 

COMHON/0/A.,A2»A3» A4.45, A6,47,AS,NF,FRO,KC,SCF1,NOIA,KQ2,NS,KB, 

•  I K  ,NH£ , HN»  AMLM, SPD,SFK1,SFK,MTST,WTIN,WTF,  NHi 
C0MH0N/e/KQl,K03,C. ,C<.,NB,KA,NRP,NPO, INC,NH,NSP,INP,YP,ONST,SHN, 
•SPST,SPFN,SPIN,SCF,y/,0/P,K*,X2,  WTFN 
COPHCN/F/BMXC  «  BMXS«BPYC*BHYS»VXC*VXS,VYC,VYS,Xf.  *XS»VC«YS»OXC*DXS, 
*0YS,C3,C4,  NS*,  NPOt,  NPP2,  OYC*  NSPi 
DO  530  IK*  _ , NH* 

I H*NH1 ♦  1  — *  I K 
NF* IH-* 


HN*MF 

157 

FRC*HN»SPO«SFR* 

158 

FQ2«FRG*FRC 

HN*»HN»SFR 

159 

IF(NCIA)  4.1,402,4:* 

161 

40* 

WRlTc(6,12* INF, FRO 

162 

WRITEI6. *23) 

163 

WRI  TE  I  6  , *2*, 1 

164 

402 

DO  425  J** ,NB 

165 

IFINPD)4J«», 403,474 

16o 

403 

D*»BKXX(J, IHI 

167 

D2-0CXXI J, 1H)*HN* 

168 

D3*BKXY( J, IH) 

169 

D4*BCXY(J» IH)»HN. 

170 

D5*BKYX( J, Irt) 

171 

D6-BCYXI  J,  IHMHNi 

172 

D7*BKYY( J, IH) 

173 

D8*BCYY( J, IH) «HN* 

174 

GO  TO  4.5 

175 

404 

d;*o.o 

176 

D2*0  •  0 

177 

03*0.0 

178 

U4*G»0 

179 

D5*0 . 0 

180 

06*0.0 

18  * 

07*0.0 

182 

08*0. j 

183 

00  415  I*  ,NPO. 

184 
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•  *  ■»!  #» 
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C;»FC2«PHIMj,I)  J.85 

Al-PXXXIJ, I. 1HJ  186 

A2*PCXX(J,‘l,IH)+HN.  187 

AJ«PKXV(J.1.IH»  188 

A4-PCXYI J, 1. IHI+HN.  189 

AS  *PK YX ( J  •  I  «  IH )  190 

A6*PCYXtJ,l,IH)«Htt.  191 

A7«PKYY<J,t,IH)  192 

A8«PCYY(J» I « l H) +H9  .  195 

C2+AT-C  194 

C3»PAl)K< J, l  l-t-02«PA0H< J,I I  195 

C4«A.+C!  19o 

C5+C4  +  C2-A..  +  A6-A3+A3+A4  +  46  197 

C6*C4«AJ*C^»Ai-A3»Ao-A5«A4  199 

C7-C‘>«C5*C-*Co  199 

C.  .R«C3  +  (C:  +  C2+C6*Adt/C7  200 

Clifc*C3»lC.+A8-Ct+C2I/C7  201 

C.2R*C»  +  (C;  +  A3  +  C::  +  A-.)/C7  2C2 

Cilc-C4«(C5»A4-C-»Aj)/C7  203 

C2.K*-C3«IC5«A5+Ct+A6)/C7  204 

C2.c.*C3  +  (Co  +  A5-C5  +  AgI/C7  205 

C2iR*-C  .  •IC5«C4-*C6«A2I/C?  206 

C22£*Ci  +  <C'.  *C4-C5+4:J/C7  2C7 

0KXX«Ci  R»Ai-C»i.E*A2»C£AR«A3-Cxl£*A4  208 

DCXX*C.  .K»A.  +  C..i£  +  A.+CilR»A4+(.2’.E«A5  209 

OKXY-C  .  2R  +  A  -C.2E*A<:*CiiR*Aj-C22c«A«i  210 

0CXY*C.2R+A_+C.2£+  A.+C22R +A-.+C22E  +  A  j  211 

0KYX*C*  R •  A 5-C .  .  £•  A j+C 2  1R •  A 7-C2 i £•  A 8  212 

QC YX*C 4  8+At  +  C.nE*  A5+C21R  +  A  j  +  C2:  e*A7  2aJ 

OKYV-C  .2R»A3-C:2c»A^*C2cR»A7-C22£*Aa  214 

DCYY*C.2«+Ao+C.2£+ A3+C22R»Aa+C22E»A7  215 

C3-PANGCJ.il  216 

Cl *CCS ( C  3 1  217 

C2-SINCC2)  2tU 

C4-C1+C  219 

C5-C2+C.  220 

A,»0KXX*C4+DKYY»Ce  22  a 

A2*0CXX»C4+0CYY+CE  222 

A3-UKXY+C+-0KYX+C 5  223 

A4-0CXY+C4-0CYX+C3  224 

A5-0KYX+C4-DKXY+C5  225 

A6*0CYX»C4-DCXY*C3  226 

A7-CKYY+C4+0KXX+C5  22  7 

A8-OCYY+C4+UCXX+C3  228 

IF (NFOi +  i I  4.0,403,403  229 

403  IFU-il  4*6,406,4  j7  230 

406  IFINP02)  4G9,4g9,4.G  231 

407  IFU-NPO.I  4. 0,4.8, 4  38  232 

408  IFCNPD2)  40, 409, 4. 9  233 

409  D.*D'.+A  .  23a 

02*02+4:  23a 

03*03+43  236 

04*04  +  4*,  237 

05  *05  +  4  ■>  238 

06*06  +  4*:  239 

07*07+A7  240 
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08*084A9 
GO  TO  415 

410  Di«01*A.*A. 

D2»D2*A2+A2 

D3»D3*AJ*AJ 

D4-D4+A4+A-, 

D5»05*A5+A5 

06“06*A<i>Ao 

07-D74A7+AI 

08-08+A8+A3 

415  CONTINUE 

416  IF(NOIA)  417,420.4*7 

417  WRITE(6,107)LB( J), 01,02. 03,04, D5, 06, 07, 08 

420  IFINRP)  42., 421, 422 

421  $XX(J)*Oi 
OXX ( J )  *02 
SXYC Jl-03 
DXY( J ) *04 
SVXI JJ«D5 
DYXI  J )  *1)6 
SYY ( J ) *07 
DYYI  JJ*C8 
CO  TO  425 

422  Ci*PKX<J)-F02»PMXUI 
C2-PKYI J)-FO^»PHY( J» 

C3*FRQ«PDX ( J ) 

C4«FRO»POY( J) 

C5-01+C. 

C6-074C2 

C7»024Ci 

C8*D84C4 

Al«C5*C6-C7*C8-03»05*04«06 

A2*C5*C04C6«C7-C3*Ce>-U4»e5 

C9»A1*A**A2*A2 

A3«Cl*C6-Cj*C8 

A4«Cl»Cd*C2«C6 

CUR*(A3*Ai4A4»A2)/C9 

CUE*! A4«A  -A3*A4I/C9 

A3*C2»03-C4*04 

A4«C2«U4*Ci»03 

C12R*-(A3*A.4A4«A2 I/C9 

C12E«-( A4«Ai-A3»A2 ,/C9 

A3=C1«05-C3»06 

A4*C1 *0t4Ci«D5 

C21R*-IA3*A‘.  +  A4*A1>/C9 

C21E—I  A4*A  L-A3»A<.  )/C9 

A3»C2«C5-C4«C7 

A4«C2»C7+C4»C5 

C22R»< A3»A ;+A4»A2|/C9 

C22E-I A>*A  -A3«A2I/C9 

SXXI  J)=C11K»D1-C  1.  =•()<. ♦C21K»0.j-C2 IE »04 
DXX( J)*Ci_R»U2*C..e«0.*C2:K«044C2,E*03 
SXY<J)«C12R«Dl-C.2i»0k*C22K»Ui-C22£*04 
0XYUI*Ci2R*O2  +  Ci2  2*O.+C2  2R»O-.4C22E«D3 
SYXI  J>»Clik*05-Cl  .? •06+C7i«»U7-C-',.£«08 
DYXI J)=CiiR»06*Ciii«034C2.R*Uo*C2.E«D7 


241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

252 
232 

253 

254 

255 

256 

257 

258 

259 

260 
261 
262 

263 

264 

265 

266 
26  7 
268 

269 

270 

271 

272 

273 

274 

275 

276 

277 
279 

279 

280 
282 
282 

283 

284 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 
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syyi ji»c.29»05-c.i :»u6*c?;h»c/-c2*f «os 
OYYI  J)«C  .24«06*C  .2 -«Oi*C*  *9»(;<i4C2*c»D? 

425  CONTlNUt 
00  <*49 
C.-ASUI 
c:-FCi*«w' j> 

C3"kO»JI 

c*»c?/c. 

C5-S0RTIC4) 

C6-sw«rrci» 
cr«Rt( ji 

IF<C6*C7-J .03)  4*.,44i,44* 

44.  C8«C;*C7 
B1CJI-..C 
82/ JI-..C 
BJIJI-C7 
86 ( JJ«C7/C. 

B4C Jl»b6» J)/2.J*C7 

B7{ J|«B4l J>/3.0»C7-C3»C7/C1«2. J 

85(JI«C2*87< Jl 

B8IJ)»Cd 

891  J)«Cd/2.C.»C7 

BIOJ J)»09I J|/3,0«C7 

GO  TO  449 

442  C8«C3*C3«C-* 

C9«.3«C4 

IF ( C8“0 ■ 00-2  I  443,443,444 

443  C8»*.0O.5«C8 
GO  TO  445 

444  C8»S0RT(i.-*C8l 

445  A5  »C5« (C8-C9 I 
A6«C5«(C8*C9» 

A9»A5*At 

A3-S0RTIA5I 

A4»S0RT I Ao I 

A7»A3*A5 

A8«A4»A6 

Ai»A3«C7 

A2»A4*C7 

TWOPI  •  2.»3.14i59*t> 

Oi»  C0S(AMCJD(A2,TMUPI  1  )/A9 

D2»  SIN(AMC0(A2,TW0PI)I/A9 

05»£XP(Ai I 

04*1,0/05 

03«0.5»(D5*04)/A9 

D4*0.5«(05-04l/A9 

BH  J  >*A5»D;  4A6*0. 

821 J)»A6*03+A5»0i 
B3 ( JI»A3*044A4«02 
B8CJ»»C2»Bi t j) 

B4I J)-(03-0i)/Ci 
B9(Jl»C2*(03-0.) 

B5I  JI»C5*(A4«04-A3»02I 
BiO< JI»Ci*B5(JI 
C0«Cl»C5 

8b( J)»IA8»04*A7«C2)/C8 


297 

298 

299 
30  0 

30  i 
30/ 

303 

304 

303  94 

306  95 

307 
3  08 

309 

310 

311 

312 

313 

314 

3 15 

316 
3a7 

31  a 

319 

320 
32* 

322 

323 

324 
323 

326  119  _ 

327 

328 

329 

330  121 

33.  122 

332 

333 

334 

335 

123 

124 

338  125 

339 

340 
34* 

342 

343 

344 

345 
34ft 
34/ 

348 

349 

350 
35* 
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B7(J|a(A7*04-A8*0<.  I/C* 

449  CONTINUE 

00  455  J*i,NS 
Cl«F02»RM< JI 
OVXA( J )»C, 

OVYAI J|»C1 
OVXBUI-O.j 
OVXCU>*0.0 
OVXOf  Jl»t>.. 

DV7BIJJ-0.W 
DVYCIJI-0.3 
OVYO ( J ) »0 .  j 
OMXA(J».F04*RIT(J| 

ovuxijj-o.^ 

OVUYI J ) «0 . w 
OMUX( JJ-O.W 

455  DMUV(JJ*G,. 

00  456  J*;,NB 

K**ceui 

OVXAIK. >»OWXA(Ki)-SXXC JI 
OVXBIK.|«OXX( JJ 
DVXC ( K 4 ) »SX Y ( J ) 

OVXD(K»)*OXY( JI 
OVYA(K* I »DvYA(Ki )-SYY( J| 

OVVBI Ki )»OYY( J ) 

OVYC(K.I«SYXU) 

456  OVYO ( K  i  I *DYX ( J  | 

DVXA(KB»*DVXA<KBI*«Z 
0VYA(K3)*DVYA(X.  Q|>Q2 
DMXA(K8I«0MXA(KB)*CZP 
CALL  BBZ 

00  486  J*l,4 
00  486  I*i,4 
WR(I«J)*AMK(I,J) 

486  ME ( I , J  >*AH£ ( I , J) 

CALL  HATINV(WR,4,WCC,G,0VN,I01 
GO  70(481,4601,10 
460  MR  I  TE  (  o  »_  3«i  1 

MRITE( ,(i3, INF, FRO 
GO  TO  5VJ 

4Bi  IFINFl  457.457,48 i 

457  DO  458  I*t,4 
DO  458  J* i,4 
AMe<  I, JI*O.G 

UR ( I , J I *MR ( 1 , J  | 

458  UE(I,J|»0.; 

GO  TO  459 

482  CALL  HAT I NV ( WE , 4 , WCC , G, OVN, 1 0 1 
GO  TC(4S3,457I,I0 

483  00  488  I*4,4 
DO  488  J*_,4 
C  4  *0  i  G 

DO  487  K*.,4 

til  wa^;j^‘,‘K,,4Me<K-J»-=«l.KI.ANRfK,J> 
CALL  HATI.MV(HA,4,WCC,4,,0VN,  10) 
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SM. 


co  rc  (7.5,7:11, it 

702  taftir?(t*.4.) 

taAIT:l.( U.lNFtFHC 
CO  TO  .-*j 
7oi  oo  45;  r».,4 
00  <*90  J«.|d 
C. *0  >c 
Ciaw»b 

00  449  K»_,4 
c.*c:*w4« i ,k)«mw(k t j> 

430  C2>C>wA(  I,K)*M<4lK  ,  Jl 
UR ( 1  * J  l*C 
490  UtU,Jl«C2 
459  00  40*  I  * .  1 4 

00  492  J«. ,KQJ 

C  a-»0  .0 
C2«0  •  v 

00  45*  K«.,4 

C.«l.-U*(  I  ,K)»AMKU,J)*IK(  l,K}«AMfc(K,J) 

45  »  Ci«C  >OKI  I » K ) * AM; ( K , J I -Ur (  I  ,  K  I  •  AMk  (  K  ,  J  I 
W«II.J-4)»C 

492  WEtl,J-.)«U 
CO  494  I«*,4 

00  494  J«. ,KOi 

C.“CMR( I  * J44) 

C2*CME ( I »  J  +  4 ) 

00  453  K*  .,4 

C;«C.+CMR( I,KI«WK<K,JI-CM£I l(K)*Mk{KtJ) 

493  C2«C’>CMR<  1,K)*ME(K,JHCMEU*K)*mR(K,J> 

UKU.JfCi 

494  U£U.JI«C2 

I F  ( NO  1  A )  704,705,753 

70**  WKIT2(d,143) 

MR  I TE ( E , .2  7  ) 

WRIT-(6,.3n) ( (UR  I I ,J)«J*.,KQ2  ),!«.•<*) 

URITc(e«.2&) 

taRITe<e,.3u)((UEU,J>,J>L,Kg2),I-.,4> 

705  IFIKCI  61  .,6. j,o.  , 
blJ  00  497  I*a,2 
00  497  J-a,2 
IF IKC  )  6* . *495  *  *96 

495  EM3I  I, J)«UR( 1,0) 

EME  ( I  •  J  )  *Uc.  ( I  *  J ) 

GO  TO  *,77 

49o  ENR( I , J)»U«( 142, J) 

EME  I  I.J)«U-.(I+2,J) 

497  CONTINUE 

C.*£NRi  )«EMH(2,i  I-iMRI  . ,  I  *tHR ( 2  ,  1  l-EMEI  a.  a  I  •EME 1 2  ,2  )♦ 
-EMEi:,2)*EM;I2,l> 

C2  *E ►  R ( . , .)*EME<a,.)>cMR«2,:)«6MEIa,a)-EMRI a,2 I* EME (2 ,1 >- 
2EMR ( 2  ,  I •  cME ( A  *  2  ) 

C3*(C.»Ca*C2«C2)»SCF: 

C A  »C  a/C  3 
C2  *C2/C  3 

UR  t  a  *  a  >  *C  .•cMRI  a*2MC2*cMc(2*2) 

UR(i.i)  *-Ca«  =  MR(  ;,*.)-C2«EMlU,2> 


244 

249 


4*5 
486 
48  7 

488 

489 

490 

491 

492 


311 

312 

313 
322 
322 


912 

914 

915 

516 

517 

518 

519 

520 
522 

522 

523 

524 

525 

526 
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UR (2,1 1  — Cl«EMRli,*»-C^#t.McC2#;» 

UR ( 2 , 2  I  -  Ci-£WR(i,i>*C2»cN;(  it.) 

UEI1.1I  •  C;*£HEI2,2l-C2»i.NR(2,2I 
UE (1 ,2  I  — C. •£*£(*, *  I tC^-cMM 1,21 
UE (2 » 1 )  — Ci*£MEI2*l)4C2-E»A(2,.I 

UE  (2 ,2 1  «  C. •EHel- ,*I-C<*t)**(:,*> 

60  TO  623 

611  00  612  1-1.4 
00  612  J--.4 
EMR(  I , JI-UR t I . J) 

612  ENE ( 1 . J )-Ut ( 1 • J  ) 

CALL  XATINV(£HR,4, WCC,C,DVN, 10) 

GO  1016.4, o.3», 10 

613  WRITE (6 , 142 I 
WRITE(c,i3.)  NF.FRQ 
GO  TC  610 

614  IF  INF  I  00,615,61/ 

615  00  616  1-1,4 
00  6*6  J"*»4 
UR(I,JI-EMK(l,J)/SCFl 

616  UE  ( j 
GO  TO  623 

617  CALL  MATINV ( EME,4,WCC • C, OVN, 10) 

GO  T0(ol8,6  .51,  ID 

618  DO  620  1-1.4 
00  620  J-..4 
Ci-0,0 

DO  6i9  K-*,4 

619  Cl-C.«tHKU,K)-UE(K.JI«ENE(  1  ,K)-UR(K,J) 

620  WA ( I  ,  J I *C  : 

CALL  NAT1NV(MA,4,mCC,0,OVN,10I 
GO  TO  (707,7061,10 

706  WRITE! 6,-47 ) 

MRITE(o,*3.)NF,FR0 
GO  TC  530 

707  00  622  I-..4 
00  622  J-i.4 
Cl-0.0 
C2-0.0 

DO  621  K-  1,4 
Cl»Ci*WA( I,K)*cMElK,JI 

621  C2-C2"-WA(I»K)-EMR(K»JI 
URCI.JI-C./SCF. 

622  UE ( I , J 1-C2/SCF . 

623  IF  (  NO  1 A  )  *.98,499,  -.79 

498  WRITS(6,.2p) 

URITE(c,127) 

WRITE  (6,  i36M  (UR(  I  ,  J  > ,  J-l  ,4 1 , 1- .,4) 

WRITE (6,. :2a ) 

WR|TE(6,.3oM (UE(I,JI,J«i,4),l«.,4» 

499  DO  534  J«*,NS 
00  501  I-i.2 
00  501  K-i,KO? 

C.-GR  ( I  »K+-t  *  J ) 

C2-GEI I,K4,,J) 

00  sCC  L— i , 4 
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36S 

367 

368 


365 


404 

406 

407 


429 

430 

431 

439 

440 


07/25/67 


Sit  *  :rt  StJUftCt  STA lEKcNI  -  IFNfSl  - 

C.  «t  ♦r'U,L,J»«wML,KI-r,;-(lfL.  J)«Hc(L.K» 

V.j  Ot  «C  *'j'(  I  i  L  »  J  J  •  W  (  L  #  K  I  ♦Gel  l.L.J)*WR(ltKt 

CM-rfltM-C 
.  .  Cm l(  I *«  1*1, . 

0.7  ;  *  i  l«  . » K.Ji  ■  '  :  !  ' 

C  *j., 

C  fa  *SJ  I  J 

CJ-V... 

C*»  J  .‘j 

00  =  71  K.  . ,  KCt 

C.'  «C  ♦CVM  |  «M  *UV  |  R.  i  ) -CNt.  I  .  .R  I  •Ui.lK.  I  ) 

C2«C-+r.MK(  ,K)«U.<K,  n  »CFt<  .,K)»UR(K,I  » 

C3«C  ♦  CI»R(..,K»*U*lR.l»-CMtt.,KI»Ui.lK,I) 

:o2  04*0*  ♦OKI  itK)»U.(K,  l  l*Cf  cl  ^.KMURIK,  t  » 

XCSI  1  ,  J.1HJ-C  ‘SO 
XSi(l,J»lHI*Cc*iCF 
VCS  (  l  «  J  t  III  I  *t  J  «SCF 
iUj  YSil l,J.IH)-C4*SCF 

IFINP14I  7»6 » i j4 « - - ♦ 

7C8  IFIJ-KB)  jJ4.  /O  .  - 


70,.  WKIT-I-  ,„4-.IJ  505 

uRiiriciun  506 

HAITiIo,.iamCH«I  l,K>,K*.,KQ..).I«,.,2)  .  507 

MRIK  I  315 

HRITFIot  .  J3»l  ICMil  ltKI,K»;,Kyk|,I»l,2)  Si.6 

WHimsf.tslJ  324 

WR 1 1 r I fc . .271  525 

WRIT?  (o,.  3  j  MXCSI I  ,J.  IH  ,  I*.,RO.’)  526 

WRIT tie, .3o) ( VCSi I iJ.lhl ,  l*.,RQ2)  531 

WKlTFI6,i2i>  536 

HRII  ;  (6i  ,  Jj  I  I XSS ! I  .  J  «  1 H  )  ,  I*. .K02  I  537 

WHim6.^3c<M  VSSII  ,  J.IHI,  1>^.K02)  542 


50t  continue 

IF  INF  I  51 j  >  525  <3.3 

505  00  =07  I* i » KOI 
00  =07  J»:,KG2 
C- *U«  I  I  .J) 

C2*Ut(  I  * J  > 

DO  506  K«.,KO 

C1*C  .♦WH  l,K)*S.  IK.J.1HI-WCI l.K)«SEIK.J.IHJ 

506  C2«COWOI I ,K)»S£(K,J» I h I »WC ( I , K I «SR ( R , J , 1 H ) 
WRIl, J)«C* 

507  WEIl.JI*C2 

IF (KC  )  5 1 . »  jOd «  5  Jri 


508  Ci«WR| :.i)»WRl2*l» -kRI 2I»rRI1* :»-k.ei *»  )«Hc.l2»2l*WEIl»2I»wEli»ll  601 

C2*WRI  ..  i»  «Hc  C  2»2I*»R<  2,2  J»w£l  .♦  .  I-wRI  .  ,  i  I  •  *£  I  2 . 1 » -WR  1 2.1  I*  WE  I  l  .21  60  c 

C3»C’*C  +C.*C2  603 

Ci—Ci/CJ  604 

C2—C2/C3 

EMRI-.  )»C  .»WKU,;.  I  ♦C*»MS  (-.21  60o 

cMcli,.)«C.»Wcl2,fa»-C<.«WRIt,<l  607 

fMRii,2i*-c .«ww n.,;; -cowe I  ..o  *oa 

e*S<i,2l«Ci»WRIl,. J-C.«WEI.» i»  60V 

EMR(2,.>«-C.«WRI  i.  .  1  -C^»Wi:l .. .  .  )  61u 

EMEI2, i) =*Cc*WRt  2, .  !-Ci»He(ii  .1  61. 

EMH  1 2  .  c  )  *C  «WR  (  j.  .  .1  »C<;  *WE  (  .  *  I  6.2 
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EMe(2,2I-C  -HH*.  I-Cc-HRI.,  II 
GO  TO  iZc 

51  *  DO  512  1-4.4 

00  Hi  J-..4 
UR( 1, J)-HR( I . Jl 
5 U  UE ( 1 ,  J  l-Wi( I . J  ) 

CALL  MA7INv(UR,4,HCC,v,,DVN,(UI 
GO  TO  15x4. 5. 3). 10 
513  NK1 TC ( 6, i4_ INF 
GO  TO  5  30 

5x4  CALL  NATINV(U£,4,WCC,0,OVN,IU1 
GO  TO  (si 7.94.51  •  ID 

515  DO  516  I-..4 
00  516  J-..4 
EHRU.Jt—  UR1I.JI 

516  EHiH.Jt-O.j 
GO  TC  322 

517  00  519  I  *.  ,4 
DO  5.9  J-x.4 
Ci-0.0 

Of  5.8  K-..4 

518  Cl-C'  +URI l,K)-Wt(K,JI+UG( I.KI-HR(K.J) 

519  MAll.Jt-C. 

CALL  HATINV(HA»4»HCC,ij»0VN»IDI 
GO  10  (711,7091 ,10 

709  HR IT£  ( 6, i4t>  INF 
CO  TC  330 

710  DO  521  I-., 4 
DO  52l  J-. ,4 

ci»o.o 

C2-0.0 

DO  520  K-,,4 
Ci-CUHA(l,KI*Ot{K,JI 

520  C2-C2-HA(I,K|*IIR(K,J» 

ENRI  I,  Jl— C. 

52.  EMclI.JI—  C2 

522  DO  524  I*., KQ2 
DO  524  J-1.K02 
C  4 -0  » 0 
C2-0.L 

DO  523  K*4.R02 

Cl-C  .-fcRRI  I  .KI-HMK,  JI«ENc(  I  ,KI-HC(K,Ji 

523  C2-C:-2f'c(  l  ,KI*HU( K,JI-£HR(  1  , K  1  -HC ( K, J  I 
SRU,  J.NFI-C. 

524  S£ ( I.J.NFI-C2 
GO  10  130 

523  DO  528  I-..KC2 
C2-0.0 

DO  527  J-..K02 
C  .  -s  >  \j 

CO  52c  K*.,KU2 

52  o  Cl-C*.  ♦.  .  0  •  WB(  i,KI»3R(K,J,  .  I-2iC*HC{  1  ,K  I  -S3  ( K,  J  ,  M 

C2-C2-C  -X2 ( J I 
327  OcVM I , Jl-c .♦LM<  I.  Jl 
528  HCC(I,.I»C. 

5 J  X  CO  x I  I NU ■ 


6*3 


589 

591 

594 


625 


627 


616 

627 
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CALL  MATINV! DEVN.KQ2, WCC,  . ,1>VN,  ID)  694 

'*  '60*70  1540. 531), ID 

531  MA17EI6.133)  696 

60  7C  399 

540  00  541  I-1.KQ2 
XRII,1)«WCC( I,.) 

XEII,1I«0.3 

541  xz.(i)*xzm*wccti,;i 

00  543  I-1.KQ2 
Cl >0.0 
CZ-0.0 

00  542  J*i,KQ2 
Cl*Cl*2>0*SR(I,J,i.  )*XZ1I J) 

542  C2*>C2*2  <0*SEII,J,i )*X21I J ) 

XR(I,2)*C; 

543  XEII,2)>C2 

HR ITE ( 6.  i34 1  7Z6 

WR ITc ( o, *39 )  727 

NHZ-NHi. 

00  553  IK>.,NH1 

nf>ik-; 

j-jj^ 

FRC*HN>SP0#SFRi 

LALM-0 

IFINF-i)  550,550,545 

545  00  549  I**,KQ2 
C  j.  >0 . 0 
C2»0»0 

00  546  K«.,K02 

Cl-CI+SR!  I,K,NFI*XKIK,NF)-Sfcl 1 ,K,NF )«XE IK ,NF ) 

546  C2-C2+SR! I ,K,NF )  *Xl I K , NF  I +  Sc U , K ,NF )*XR(K, NF ) 

XR(  I.IKI-C. 

IFIABSICD-AMLN)  347,547,  S-.9 

547  IFIA8SIC2J -AHLHI  548,548,549 

548  LALH-LALM*. 

549  CONTINUE 

IFILALR-4)  550,54-,, 544 
344  NH2-IK 

550  WRITE!  ,14. INF, FRO, XRI 1 ,  IK  I ,Xt 1 1 , IX > ,XR I ? , 1 K > , XE 1 2 ,  IK  I  .XRI3.IKI  , 

iX£I3,IKI,XR(4,IKI,Xi(4,IKI  759 

DO  554  J>.,NS 
Cl>C.u 
C  2  >0 . 0 
C3-0.O 
C4*0 . 0 

DO  551  K«1,K02 

C1»C;.*XCS!K,J,IKI*XR|K,IK  )-XSS<K,J,  IK)* X£ IK, IK) 

C2-C2+XCSIK. J,IK)*XclK,IK)*XS5lK,J, 1KI*XRIK,IK) 

C3»C?*YCSIK,J, IK)*XR(K,IKI-YSS<K,J, IK > *X_ I K  ,  IK  ) 

55 1  C4«C4*YCSIK,J,IK)*X2IK,IK)*YS6IK,J, 1K)*XRIK,IK) 

xcsi : , J, ik ) *c* 

XSS(1,J,1KI >C2 
YCS I . , J, IK )>C3 

552  YSSI*,J,IKI»C4 

IF! CALR-4 )  553,531, 5j9 

553  CONTINU- 
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wi-w. 


ifnisi 
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SAL 


tFf»  SOuRwt  STATENfc.NI 


539  DO  370  J*» » NS 
WRIT? (6 '13.:  I J 
NR ITt I j**3; I 
DO  354  IK«.,NH2 
NF-1K-. 

HN«NF 

frc»hn«spo«$;r. 

554  N«ITe(6,.3nNF,FRJ,XCSt  i  t  J.  t  XI  *XSS(  -  ,  J  ,  IK ) ,  VtS  t  .  J,  IK  I  *  VSSI  .  ,  J,  IK  I 
NRITF(6f.Jj) 

MftITfc(£,*37> 

Cl-NTST 

555  C2  *0.0*74532  93  •C'.»$FR 
C3«XCSt  'J.tl 
C4«VCSt  tJ'il 

C5 ’0.0 

DO  556  IK*.,NH2 

C5«C5iC2 

C6*C0SCC5> 

C7*SINIC5) 

C3-C3  +  XCSC  . , J,lKt*C6-XSSt;,J,IK)»C7 
55o  C4*C4*VCSt. , J, IK )*C6-YSSt It J, IK MC7 
C5*SCRT(C3*C3iC4«C-»I 
Di*C3 
02 -Cl 

IF (C3  )  504,557,561 

557  IF (C4 )  559,560 , 55e 

558  C6*90.0 
GO  TO  567 

559  C6*27C,3 
GO  TO  111 

560  C6-0.0 

GO  TO  367 

56*  IF (C4  )  So3, 562 , 562 
56z  C7*0.0 

C8-57. 295780 
GO  TO  56o 

563  C7-360.3 

C8  — 57.295780 
C4— C4 
GO  TO  566 

564  C3  —  C3 
C7**80. 3 

C8  — 57.295780 
IF (Cl  I  565,566,560 

565  C8*-C8 
C4*-C4 

566  C6»C7*C8*AT AN <  Cl/C ; I 

567  NRI  lt(6,132)Ci,01,U2,C5,C6 
C1»C  ♦WTIN 

IFtWTFN+O.OGOGOi-C  .»  570,  57u,555 
570  CONTINUE 

599  SPO-SPD+SPIN 

IFISPF6*0,.O003i-SP0l  6Cy  ,oO*',  260 

600  NSP**NSP*>. 

IF ( NSP-NSP  .  I  601,  230,233 

60 1  IF ( INP)  632 » 190,6  j* 


•03 

•04 


•08 

8X3 

8i4 


820 

821 


828 


•48 

849 


734 

735 

736 

737 

738 
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IFNISI 
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SAL 


.22  FORMATI  Pi.  4.31 

,.r  F0<MAT!1>,  Pi  6,  i,  .Pit  .4,01 

a  format  I//.;*. harmt.ni;:  4n.,i j,._H,F)»;QueNCY«,iPei3.»,a»  kad/seci 

23  fORMATI ..H. HeARInG  CUcFF (CIcNTS I 

2  4  FORMAT!  ?H  STATIUS  X  jHk  KX9X7HF  R0»8XX9X3H|f.X  Y9X7HFRQ»flXV9x3HKYM9X/hFR 
.<J*dVX9X  *MK  YYTrX7hf  c  ■  j •  U Y Y I 
<4  FORMAT  (  • ,  H  .  ROTCR  *l‘  ARI NG  IMPEOANCe  MATRIX) 

27  FORMAT  I  OH.KeAL  PArII 

id  turmati  -:H,i.MACiNAnY  parti 

.32  KJPPAH  4M,f<;AL  PARl  uF  A-MAIRIX  IS  SINGULAR! 

.3.  FORMAT (  OH  HARMONIC-. I  3,. 2H  FHECUENCY-,  ,.Pci3.6l 
.32  TCMMAT!  3H  ROTOR  STATION  .NO. ,121 
.33  FORMAT C.4H;F|NAL  MATRIX  IS  SINGULAR) 

3*  FORMAT  I ‘.NH.AMPUTUL’iS  AT  ROTCk  STATION  WITH  MAGNETIC  FORCES ) 

.33  FORMAT ( ,  .11  HARMONIC  FRcOU:  .CY7X4HX IC I -3X4HXI S  I  13X4HYIC)  10X4HYC S ) ) 
,3d  FORMA  T  (  ///  2HC  WHIRL  (1RBITI 

.37  FORMAT!  aH  SHAFT  ROT  AT , UCG3X .MX  . 3X  . HY9X9HAMPLI TUD£4XiiMANGLE  X-AMP 

.1) 

.30  FORMAT  I .P4 .  4.41 

.3N  FOKFATU.H  HARMONIC  FREQUeNC Y5X4HX (C ) 3X4HXI S )dX4HY(CI 8X4HYI SI 0X8 

iHOX/Ti <  C ) ^XRHOX/02 I S) nXrHUY/02 IC)4XaH0Y/D2|5)) 

,»j  FORMA II -iH. R _AL  PARI  OF  IMPEDANCE  MATRIX  IS  SINGULAR) 

.4.  FORMAT  I  I  3 «  Pt.e.4,  Pa.i.2.41 

142  FORMAT!. 711. RiAL  PART  UF  S-HATkIX  IS  SI NGULAR ,K«, 1 31 
» 4  j  FORMAT!  3H:lNV£RS-  IMPiOANCj  MiATRIX ) 

4*»  FORMAT  I 5.H. I  INFLUENCE  COEFFICIENT  MATPIX  €  «  XI J  I  -«•*=  I  FOR  STATION,! 
.3) 

.43  FORMATION. INFLUENCE  MATRIX  A  I  X  I  J  »  »A»X  I  KB  I)  FOR  STATlCN, 13) 

46  FORMAT! j3H. INVERSION  MATRIX  FOR  A  [S  SINGULAR) 

.47  FORMAT!  iH. INVERSION  MATRIX  FUR  S  IS  SINGULAR) 

_4d  FORMAT  I  : 8H j I NVeRS I ON  MATRIX  FUR  S  IS  S 1NCULAR,  KM  31 

itO  RE  TURN  . 
i30  Re  TURN  .* 

.90  Return  . 

602  RETURN 
ENO 


743 

749 

76/ 

766 

769 

770 
773 


776 


214 
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LASS  -  oM  SOURCc  STAT2NENT  -  UNIS)  - 

SUBROUTINE  BBZ 

COPNCN/A/  dKXX(15,  .i.»#BCXX(.',Ai),RKXYI.  },*.),8CXY(.C,.*I, 

iBKYx(.j,ii»,BCrxi:  .,4*i,0Km.c,  i.)  .BCvriij, ii  i.pnini  c,;», 

2PADH(10,5)  ,PADK(  .;,3»,PANG(  .0,3  I  *U£  YN(  4.*  I  ,  *CC  (4.  _  I  ,OM4, 8  I  , 
3CH£(4,a»,AP«(4,3l, AN  =  (  4,  fl»  ,*R  (4,4 1 ,  WE  I  4, 4  I  ,  KA(  4, '♦  I  ,  KB  (4,4 1  , 
4WC(4,4),WQ<4,4l,WS0(4,4>,UA(4,4l,Uf:(4,4».cHR(4,4>,£f1H4,4l, 
5xr|4,::),Xc(4,4.;) 

COPMON/B  /  HKXXC.C-,  5,211'  PCXXI  .0,  S»i  . » .  PKXYI  .0,  5,11  I  .PCXYI  iJ  ,5  >  .  I. 
iPKYX(*C,5,.:i,PCYX(  i  J,3,*il,PKYY(.0,3.I^).PCYYIiJ,*f;  I, 

2GR  (2,8*50),G£(2,8,5'jl,SR(4,4,-i),SF(4,4,.l),XCS(4,30*  *lt 
3XSS (4 , 5 J* 1 . ) »  YCS ( 4* aO, -i I » Y5S ( 4*  5c»  _ . » 

COPPON/C/  KP(3jJ,RIP(  30 1  ♦  R I  T  (50 >  ,RS  (  30 )  ,RW(  3«;>  .R0I3CI  ,RL(30)  , 
10VXA(30l,0VXB(30>,0¥XC(3O),OVXD(2G»,DVYA(3ul,OVY8l30> ,OVYC( 10  t, 

2DVYD(3G) ,OVUX( 30) ,OVUY( 30  I fDHUX(3i» ,DMUY( 30  )  ,DPX A  I  30 » ,B. (3C> . 

362 (30 1, 83 (jG) ,  B4(  3  *).  85  OGI.  Be.  1 30 1,87(33 1 ,89(301,89(3:), BIG  (301 • 
4PHX(;0>,PKX(iG),POX(lj>,PHY( .w I , PKY( 20 I ,POY ( iO » .SXX ( i  5 } ,OXX ( 10 ) , 
5SXY(iOJ,DXV(iO> ,SVX(1G),0YX( i G ) ,  SYY UO)  ,DYY I )  ,L0 ( 10 1  , 

6X2(4)  , XZ.lt  I 

COHPON/O/A. ,A2, A3. At,A5,A6,A7,A8,NF ,FRQ,KC, SCF 2 , V01 A.KC2 ,NS ,KB, 

•  IK*  NHi «HN,APLP*SPG»SFR1,SFR,WTST,WTIN,WTF*  NHi 
COPMON/c/KG:,KQ3,C;,C2.N8,KA,N8P,NPO,lNC,NH,NSP,INP,YP,ONST,$HM, 

•  SPST,SPFN,SPlN,SCF,yZ,CZP,Kj.,K2,  WTFN 

C0PH0N/F/8MXC*  BHXS  *  BMYC*  BHYS»VXC»VXS*VYC»VYS»XC*XS»YC,YS,OXC*OXS, 
•0YS.C3.C4*  NS1*  NP01,  NPD2,  DYC*  NSP1 
00  485  I«:,K03 


BMXC-O.G  363 
BMXS-O.j  384 
BMVC»0.j  385 
BHYS*G . :  3d 6 
VXC-O.G  3B7 
VX6-0.0  368 
VYC-C.G  389 
VYS-C.G  390 
XC-0.0  391 
XS*0»G  392 
YC-O.C  393 
YS-0,0  394 
OXC«O.C  395 
OXS-O.C  396 
DYOO.G  397 
OYS-O.G  398 


OVUX( KB  I O  .  0 
0VUr(KBI»3.0 
ONUX(KH|aO.  j 
DMUY( KB  )  *0  .  j 

GO  70(461, *62, 46 3,464* 46 5*4&9, 468*4721*1 


46-  XC-C.GC.  400 

GO  TC  475  401 

462  YC*G.GC  .  40c 

GO  TO  475  403 

463  0X00. Cj.  404 

GU  TC  475  405 

464  GYOO.u.-  406 

GU  TC  47;  407 


465  IF ( KC )  46/*465*.ic 
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L*SS  -  cF.<  SflUHCc  STATEMENT  -  IFHtSt  - 

46*  JFJMI  46»,‘»67(4d7 

4*7  OVUXIK&t*  t ..  ' 

CO  TC  4f;  • 

466  OMUX ( Kb  I  * . j  „ 

GO  TO  4 1  i  -  1 ...  -  ‘ 

469  IF  JKC  I  *7. ,47. ,.7. 

471  I F  <KA I  47**47. ,47. 

47*  DVUYlKrfl*.w 

GU  JO  475 

472  OMUyjKBJ- . . 

47*  00  460  J«.,NS  421 

C.»CMXA(J>  422 

C2*Ff>0»SP0Mlf>{  Jl  423 

CJM.,I,J>*XC 

GRJi.i , j)*rc 

GEt  .,l,J)*xS 
Cc(t»i.J»*TS 

1 F ( J-KS )  477,470,477  424 

476  CM*I  ,1  l*XC  425 

CM; (  ,  IJ-XS  426 

CM^j;,|)*yC  427 

CM;  (2,1 1  -*17  S  426 

CM2 (  1 , 1 I  *DXC  429 

CM ; (  •  ,  J ) “OXS  43U 

CM»(4,i»*0YC  431 

CMEJ4,n*0VS  434 

477  A.*BMXC-C . «DXC~C* • DVS-DMOXJ J I  433 

A2*BMXS-C.*OXS*C_«OYC  434 

AJ»BMYC-C  .»L)YC*C -*l;XS-CMUY«  J)  435 

A4»6MVS-C.»0YS-C'»CXC  436 

A5*VXC4U\7XA<  JMXC+GVXBJ  J)«XS-L,VXCJ  JMYC  +  DVXOI  J I • YS4DVUXJ Jl  43  7 

Ao«VXS-0VX8( J  I  •XC  +  UVXal Jl •Xi-uVXC< J J«YC-DYXCI J)«YS  436 

A7*VVC-0YYC( J)*XC«Ci7YUj J»«Xi+OVYA< J J«YC*DVYaj JI«YS*DVUYJ JJ  439 

AB-VYS-UVYLil JI-XC-OYYCI JI*X;-oYYB( JI*YC40VYAI J  »«YS  440 

IF(NS-J>  4flj,46C,-7(l  441 

47B  C4*XC  442 

Cc«X$  443 

C-*YC  44  <» 

C4  * YS  445 

BMXC*C.*B9(  JI*OXC*->w(  J»*A.«B;(  J  j4A;*Bi(  J)  44c» 

BMXS  *C;  «  B9  (  J  I +UXS*  B  -  . .  J  J  *■  A<  •  6  *  (  J  J  4Ao#B  s  J  J  447 

BMYC*C3«B9J  J  J-fOYC*  J.;(  JI*Ai«B*J  JI*A7»8oC  J  J  446 

BMYS*Ct«B9(JI40YS*B.C(J|4A4*fli(J)*Ao«BiCJ)  449 

VXC«C.»B6<  JJ40XC*3-<(JJ«A.*H;(  J|4»3»B.  (  J)  450 

VXS®C2*Sb<J)+ClXS»H  X  JI*42»t)jJ  J)  ♦Ao»fnt  J»  45  j. 

VYC*C3»0B(JI4OYC*U3(JI*A3*Hj(J)+A7»B  IJ»  452 

VYS»C4«tJ6J  JJ+DVS«l>-M  J]+A4«bj<  J)+AB*B.{  Jl  453 

XC*C  »B  (  JJ40XC*H.:  (  J  J  ♦  A]  »H-»  (JI*A5«07(.f)  454 

XS»C?*8  <  J)40XS«Uj(  JI*A2»«-.(  Jl4Ac»87C  Jl  45‘ 

VC*C3*E  l  JI+UYC»83J  Jl4A;*a<.<  J|4A7»67<JI  45o 

YS*C4«B  (JI+0VS»R3(  J|4A4»B4(  J  I  +  A*3*R  /  (  J  )  457 

DXC-Cl'Bil  J|4OXC«0.I  JM4'.«Bs(JI<-A  ,»B4<  Jl  456 

0XS»C2»05(J)»0XS»Bw(JMA2»tt<  (  J  I  4  Ao*  H4  (  J  J  459 

0YC»C3»B3i J»*OYC»BJl J J*A3*«X J)4«7«U4( J»  460 

DYS»C4»8:><  Jl4UYS«H-(  JI«A4»0c(  J)4«o»H4(  Jl  461 

48s,  COMING;  46* 


LASS 


cfN  JIUkCl  STAUHtM  -  IlNtSI 


AMR 51, 

J*A* 

AM: (it 

l«Ac 

ANRI2, 

)-Aj 

AM£ ( 2  « 

)  «A<t 

AMMO  • 

l«Aj 

AHc( By 

l«Ao 

AMRI4, 

>«A? 

AME14, 

)«A<» 

46)  CONTINUE 
RETURN 
END 


07/15/67 


463 

4e4 

465 

466 
46? 

468 

469 
4T0 
4?i 
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c 

CWs  •  Lh  SOt.'Ws  STAINS  41  -  IFMlil  - 

MAUIX  InViRsIiU  ■  1  TH  ACCONiMnV  ING  SOLUTION  OF  LIM*AR  EQUATIONS 

mat: 

* 

c 

KOVwH»=»  ,,9i  S  jOOO  OAVIC  TAYLOR  *00rL  *A$lN  AM  MAT, 

MAU 

* 

c 

mat; 

* 

SUriNCUTIN:  »ATHV(A,N.,8,M.  ,OtTcRH»  101 

MATl 

* 

c 

MAT  i 

t 

c 

GENERAL  FOuM  OP  OlMiNSlON  STATEMENT 

mat; 

1 

c 

MAT* 

k 

01  PENSION  A(4,-),U<4,.I 

DIMENSION  INDEX  1 4, 3 1 

EQUIVALENCE  lIHOW.JKOtal,  (ICULUM.JCrJLUM),  UMAX,  T,  SuAPI 

MATH 

*  * 

c 

MAU 

it. 

c 

INITI ALIZAl  ION 

MATl 

13 

c 

MATl 

14 

M»M. 

MAU 

*5 

N«N* 

MATl 

16 

DO  6  I« 

K1-* 

K  2-* 

00  6  J*  .  *N 
IF(A(I,JI)  3,4,3 


3 

K*»G 

4 

IFUIJ.H)  5,6,5 

5 

K2-0 

6 

CONTINUE 

IF  ( X  „4K2  I  8,8,7 

7 

10-2 

OE  TERM-3, 3 

GO  TC  740 

8 

CONTINUE 

1C 

DETERM-.. 3 

15 

00  23  J-t ,N 

MATl 

18 

20 

INDEX! J,3I  -  0 

MATl 

19 

30 

00  550  I-a.N 

MATl 

20 

C 

MATl 

21 

C 

SEARCH  FOR  PIVOT  ELEMENT 

MATl 

22 

c 

MATl 

23 

40 

AMAX-0.3 

•v 

MATl 

24 

45 

00  *05  J«2,N 

MATl 

25 

IF(IN0EX(J,3J-;i  60,  *05,  80 

MATl 

26 

60 

00  *00  K-*  #N 

MATl 

27 

I F ( INDEX ( K  »  3 )-_ )  8  j,  ICO,  7*5 

MATl 

28 

ol 

IF  I AMAX-ABSI A( J*K)  1 1  85, *03, .00 
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-1.6729086-15 

1.3047346-17 

-3.1644666-21 


TfO! 

-4.2074296-05 

9.2403516-04 

-1.0319336-11 

6.1102686-16 

4.7639006-18 

7.6433036-21 


-0. 

7.6368116-04 

•3.6113436—12 

7.6919166-17 

6.3142096-19 

6.9133496-22 


NH1RC  ORBIT 
SMART  AOTAT  * DEC  X 
0.  -7.4429646-04 

2.0000006  01  -1.1390746-03 


4.00000(56  01 
6.0000006  01 
9.0000006  01 
1.0000006  02 
1.2000006  02 

1.4000006  02 
1.6000006  02 
I. 900000E  02 
2.0000006  02 
2.2000006  02 

2.4000006  02 
2.6000006  02 


-i;<i2l40'ae-oJ 
-3.9571286-04 
4.2324096-04 
1.0373206-03 
1.2047686-03 
7.9859176-04 
2.8 846136-03 
-7.4429656-04 
-1.1390746-03 
-1.0214086-03 
-3.9571266-04 
4.2524116-04 


r 

8.8196086-04 
1. 7347886-04 
:6. 3586296-04 
•1. 1673646-03 
>1.1723306-03 
6.4843646-04 
1.5918076-04 
8.7262846-04 
1.1580766-03 
8.8196076-04 
1.7347866-04 
'6.3586306-04 
1.1673646-03 
1.1723306-03 


2.8O0Od<J6~O2  H  0  J  7  3  2  <51-0  J-6 .  48436 2 E-  04 


3.0000006  02  1.2047686-03  1.5*18106-04 

3.2000006  02  7.9859166-04  8.7262856-04 


AMPLITUDE 
1.1 540506-03 
1.1719846-03 
1. 2031606-03 
1.2326106-03 
1.2470726-03 
1.2403216-03 
1.2152386-03 
1.1828906-03 
1.1584366-03 
1.1340506-03 
1.1719846-03 
1.2031606-03 
1.2326106-03 
1.2470726-03 
1.2403216-03 
1.215238E-03 
1.1828906-03 


ancle  x-ahrl 

1.  J01614E  02 
1.7148 776  02 
2.. 190376  02 
2.512744E  02 
2.8993736  02 
3.2847996  02 
7.5266466  00 
4.753660E  01 
8.8573136  Oi 
1.3016146  02 
1.714877E  02 
2,1190386  02 

2.  3127446  02 
2.8993736  02 
3.2847996  02 
7.526657E  00 
4.  753661 E  Oa 


/ 
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ROTOR  STATION  NO.  2 

HARNONIC  FREQUENCY  XtC)  l(S)  TtCI  YISl 

0  0*  1.424258E-05  >0.  -3.789821E-05  *0. 

1  1.47S514E  OS  -5.935989E-04  9.2940296-04  9.294031E-04  5.93S975E-04 

2  S.SS1332&  OS  3.538645E-12  -6.459052E-.2  -7. 425767E-12  -3.244694E-12 

S  5*0265486  OS  1.2)12101*15  '1.S45368K5  1.I75511E-15  1.5550766-lT 

4  4.702043c  OS  6.462U7E-18  2.093x366-17  -1. 120990E-i7  1. 0702006-17 

5  6*3775616  OS  -2.991946E-22  -1.1517406-20  1.193S14E-20  7.676.246-22 


NHIRL  ORBIT 


SHAFT  ROTAT.OEC  X 

Y 

AMPLITUDE 

ANCLE  X-ANFL 

0. 

-3.7735436-04 

8.9150186-04 

1.0621286-03 

1.229280E 

02 

2.000000E 

01 

-1. 0358896-03 

2.925064E-04 

1.0743956-03 

1.6423186 

02 

4.000000E 

Oi 

-1.002118E-03 

-4.41089.E-04 

1.1031046-03 

2.0470786 

02 

4.000000E 

o; 

-4.91B444E-04 

-1.0166O96-03 

1.129392E-03 

2.4418326 

02 

B.ooooooe 

01 

2.961686E-04 

-1.114271E-03 

1.1433386-03 

2.829472E 

02 

1.C0O090E 

02 

8.919176E-04 

-7.0822426-04 

1.1389046-03 

3. 215487E 

02 

1.200000E 

02 

1. ii79286-03 

1. 147245E-05 

1.117987E-03 

5.8796216-02 

1.400000E 

02 

6.2844826-04 

7.0807006-04 

1.0898126-03 

4.0520326 

Oi 

1.600000E 

02 

1.5892796-04 

2.0554226-03 

t. 0475176-03 

8. 1438196 

0. 

..SOOOOOE 

02 

-5 . 773564E -04 

8.9150.76-04 

1.0621286-03 

1.2292806 

02 

2.000003E 

02 

-l  .0358896-03 

2.9250426-04 

1.0763956-03 

1. 642318E 

02 

2.230000E 

02 

-1.0021186-^3 

-4,6.08926-04 

1.103206E-03 

2.0473796 

02 

2.40000 JE 

02 

-4.9184426-04 

-1.0164696-03 

1.1293926-03 

2.4418326 

02 

2.600C00C 

02 

2 . 5626886-04 

-1.1142/26-03 

1.143338E-03 

2.8294726 

02 

2.8030006 

02 

3.919.776-04 

-7.082260E-04 

1.1389046-03 

3.215487E 

02 

S.OOOOOOfc 

02 

1.117928c-03 

1.147263E-05 

1.127987E-J3 

5.879718E-01 

3.2000006 

02 

8. 2844816-04 

7.0807026-04 

1.0898226-03 

4.0520336 

Oi 
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•This  volume  presents  an  analytical  investigation  of  the  vibrations  induced  in 
an  alternator  rotor  by  the  generated  electromagnetic  forces.  Formulas  are  given 
from  which  the  magnetic  forces  can  be  calculated  for  three  brushlesn  alternator 
types:  (l)  the  honopo*ar  generator,  (2)  the  heteropolax  inducto-  generator,  and 
(3)  the  two-coil  Lundell  generator.  Numerical  examples  are  give-  to  illustrate 
the  practical  ure  of  the  formulas. 


Two  computer  programs  have  been  written  for  evaluation  of  the  effect  of  the  mag¬ 
netic  forces  on  the  rotor.  Manuals  are  provided  for  both  programs,  containing 
listings  of  the  programs  and  giving  detailed  instructions  for  preparation  of  input 
data  and  for  performing  the  calculations.  The  first  computer  program  examines  the 
stability  of  the  rotor  and  the  second  program  calculates  the  amplitude  response  oi 
the  rotor  resulting  from  a  built-in  eccentricity  and  misalignment  between  the  axe« 
of  the  rotor  and  the  alternator  stator..  Sample  calculations  are  provided.— 
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